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SYNOPSI S

The e f f ec t s  of  ger man i um,  an t i mony ,  a r s eni c ,  c oba l t ,  gl ue,  and 

f r ee  ac i d  c o nc en t r a t i o n  we r e  s t ud i ed  on bot h c ommer c i al  and s y n t h e ­

t i c  e l ec t r o l y t es .  The e f f ec t s  of  a s i ng l e  f ac t o r  and t he  c ombi ned 

e f f ec t s  of  mu l t i p l e  f ac t or s  we r e  e l uc i da t ed .  The t emper a t u r e ,  z i nc  

c o nc en t r a t i o n ,  and c u r r en t  dens i t y  we r e  a l s o  v ar i ed.  I t  was  f ound 

t ha t  t he ac i d c onc en t r a t i o n  was  t he mo s t  c r i t i c al  f a c t o r  when i mpu r ­

i t y  l ev e l s  we r e  at  nor mal  p l an t  s o l u t i on  c onc en t r a t i ons .  The 

r anges  wh e r e  t he e f f ec t  of  t he i mpur i t y  bec ame ap pa r e n t  wer e:  

g r ea t e r  t han 20 ppb f or  an t i mony ;  40 ppb f or  ge r man i um;  120 ppb f or  

a r s en i c ;  and 7- 8 mg / l  f or  c o ba l t  f o r  a s o l u t i on  c on t a i n i ng  65 g / l 

z i nc  and 100 g / l  f r ee s u l f u r i c  ac i d.  At  h i gher  l ev el s  of  ac i d,  t he 

ac c e p t a b l e  l evel  o f  i mpu r i t y  dec l i n ed  mar k ed l y .  Gl ue addi t i ons  

we r e  f ound t o c o un t e r a c t  t he e f f ec t s  of  an t i mo ny  and ge r man i um,  but  

d i d l i t t l e t o c o un t e r a c t  t he e f f ec t s  of  c oba l t  and ar s en i c .  The 

l ev el  o f  ac i d was  f ound t o be es pe c i a l l y  c r i t i c al  when  c oba l t  and 

a r s e n i c  we r e  i n t he e l ec t r o l y t e .  Coba l t  and ar s en i c  ex h i b i t e d  

s y n e r g i s m and l ower  c u r r en t  e f f i c i en c i es  wer e  ob t a i n ed  f or  a r s en i c -  

c o ba l t  c o mb i n a t i o ns  t han ex pec t ed.  A f a c t o r i a l l y  des i gn ed  e x p e r i ­

me n t  was  c o nd uc t e d  t o qu an t i f y  t he e f f ec t s  obs e r v ed  by  one f a c t o r  

at  a t i me t es t i ng.  The e f f ec t s  of  t he v ar i ous  f ac t o r s  on e l ec t r ode  

po l a r i z a t i on  we r e  ex ami n ed  us i ng  c y c l i c  v o l t ammet r y .  Lev el s  as  l ow 

as  0. 02 mg / l Ge and Sb and 0. 1 mg / l  Co c aus e me as u r ab l e  c hanges  i n 

po l a r i z a t i on .  The po l a r i z a t i on  c h a r ac t e r i s t i c s  of  c o mb i n a t i o ns  of  

i mpur i t i es  and g l ue  c an be us ed t o de t e r mi ne  t he o p t i mu m l ev el s  of  

g l ue  addi t i on .  The s t r uc t u r e  o f  t he depos i t s  was  ex ami n ed  us i ng 

x - r ay  d i f f r a c t i o n  and s c ann i ng  e l ec t r on  mi c r os c opy .
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The Ef f ec t s  o f  Cer t a i n  I mpur i t i es  and The i r  I n t e r ac t i ons

on Zi nc  El ec t r owi nn i ng

Dona l d R.  Fos nac ht  and Thomas  J.  O' Keef e

Ab s t r a c t

The e f f ec t s  of  ge r man i um,  an t i mony ,  a r s en i c ,  c oba l t ,  gl ue,  and  

f r ee ac i d  c o nc en t r a t i o n  we r e  s t ud i ed  on bot h c ommer c i al  and s y n t h e ­

t i c  e l ec t r o l y t es .  The e f f ec t s  of  a s i ng l e  f ac t o r  and t he c omb i ned 

e f f ec t s  o f  mu l t i p l e  f ac t o r s  we r e  e l uc i dat ed.  The t emper a t u r e ,  z i nc  

c o nc en t r a t i o n ,  and c u r r en t  dens i t y  we r e  v ar i ed.  I t  was  f ound t ha t  

t he ac i d  c o nc en t r a t i o n  was  t he mos t  c r i t i c al  f a c t o r  when i mpur i t y  

l ev el s  we r e  at  nor mal  p l an t  s o l u t i on  c onc en t r a t i ons .  The r anges  

wh e r e  t he e f f e c t  of  t he i mpur i t y  bec ame ap pa r e n t  wer e:  g r ea t e r  t han 

20 ppb f o r  an t i mony ;  40 ppb f o r  ger man i um;  120 ppb f or  a r s eni c ;  and 

7- 8 mg/ 1 f o r  c oba l t  f or  a s o l u t i on  c on t a i n i ng  65 g/ 1 z i nc  and 100 

g/ 1 f r ee  s u l f u r i c  ac i d.  At  h i gher  l ev e l s  o f  ac i d,  t he ac c e pt ab l e  

l evel  o f  i mpu r i t y  dec l i n ed  mar k ed l y .  Gl ue ad d i t i on s  we r e  f ound t o 

c o u n t e r a c t  t he e f f ec t s  o f  an t i mo ny  and ge r man i um,  but  d i d l i t t l e  t o 

c o un t e r a c t  t he e f f ec t s  o f  c o ba l t  and ar s en i c .  The l evel  of  ac i d was  

f ound t o be es pe c i a l l y  c r i t i c a l  when c oba l t  and ar s en i c  we r e  i n t he 

e l ec t r o l y t e .  Coba l t  and ar s e n i c  ex h i b i t e d  s y ne r g i s m and l ower  c u r ­

r ent  e f f i c i en c i es  we r e  ob t a i n ed  f or  a r s e n i c - c o b a l t  c o mb i na t i ons  t han 

ex pec t ed .  A f a c t o r i a l l y  des i gned ex pe r i me n t  was  c o nduc t ed  t o q u a n ­

t i f y  t he e f f e c t s  obs e r v ed  by  one f a c t o r  at  a t i me t es t i ng.  The 

s t r u c t u r e  of  t he depos i t s  was  ex ami n ed  us i ng  x - r a y  d i f f r a c t i o n  and 

s c ann i ng  e l ec t r on  mi c r os c opy .
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I n t r oduc t i on

The pr es enc e o f  i mpur i t i es  i n t he e l ec t r o l y t e  i s a ma j o r  p r ob l em 

f or  t he z i nc  e l ec t r owi n n i ng  i ndus t r y .  Many  i nv es t i ga t i ons  hav e been 

c o nd uc t e d  t o de t e r mi n e  t he i mpur i t y  i n t e r ac t i ons  oc c u r r i n g  at  t he 

c a t hode and t he ma x i mu m l evel  of  eac h i mpur i t y  t hat  c an be t o l e r a t ed  

i n t he e l ec t r o l y t e  ( 1- 31) .  Neut r al  pu r i f i c a t i on  e l i mi na t es  t he bu l k  

o f  t he i mpur i t i es ,  bu t  i n c e r t a i n  i ns t anc es  t he i r  c onc en t r a t i o ns  may  

s t i l l  be hi gh enough t o c aus e d i f f i c u l t i es  i n z i nc  depos i t i on.  

I mpur i t y  behav i o r  i s not  wel l  un de r s t o od  and ma ny  qu es t i ons  r emai n 

r ega r d i n g  t he ac c e pt ab l e  l i mi t s  of  i mpu r i t i es  f or  e f f i c i en t  oper a t i on  

of  a z i nc  e l ec t r o l y s i s  c i r c u i t .  I n add i t i on ,  s y ne r g i s m among i mpu r i ­

t i es  may  oc c u r  wh i c h  f u r t he r  c omp l i c a t e s  t he p r oc es s  and c aus es  

un pr ed i c t a b l e  b e ha v i o r  ( 56- 57) .  Fac t o r s  s uc h as ac i d l ev el ,  z i nc  

c o nc en t r a t i o n ,  t i me o f  e l ec t r o l y s i s ,  ag i t a t i on ,  c u r r en t  dens i t y ,  and 

t e mp er a t u r e  a l s o i n f l uenc e t he ma g n i t u d e  of  t he i mpur i t y  e f f ec t s .

I t  i s wel l  do c u me n t ed  t ha t  z i nc  depos i t i on  i s v er y  s ens i t i v e  t o 

s mal l  quan t i t i es  o f  c er t a i n  i mpur i t i es .  Pr ev i ous  s t ud i es  hav e  i n d i ­

c a t e d  t ha t  l ev e l s  i n t he par t s  per  b i l l i on  r ange f or  an t i mony ,  

a r s en i c ,  and g e r ma n i u m c an gr ea t l y  r educ e t he c u r r en t  e f f i c i en c y  

( 3- 21) .  For  c oba l t ,  t he par t s  per  mi l l i o n  r ange i s c r i t i c al  ( 22- 31) .  

A c o mp l i c a t e d  pu r i f i c a t i on  p r oc es s  i s  us ed t o t r y  and r eac h t hes e  l ow 

l ev e l s  i n ac t ual  p r ac t i c e  ( 1, 2, 58) .

The e f f ec t s  of  an i mpur i t y  ar e o f t en  d i r e c t l y  a t t r i b u t ab l e  t o 

s uc h f ac t o r s  as  ac i d  c onc en t r a t i o n  and t he t e mp er a t u r e  o f  t he  s y s t em 

i nv ol v ed .  Thus ,  t he ma x i mu m a l l o wa b l e  l ev e l s  of  t he  i mpur i t i es  mus t  

be c o ns i d e r ed  i n r e l a t i on  t o t he p r oc es s  par amet er s .  I n add i t i on  t o
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c u r r en t  e f f i c i enc y ,  de po s i t  mo r p ho l o gy  and c a t hod i c  po l a r i z a t i on  ar e 

a l s o  i n f l uenc ed by  t he l ev e l s  of  i mpur i t i es  and add i t i on  agent s  i n 

t he e l ec t r o l y t e .  Pr o f ou nd  c hanges  i n bot h t hes e  f eat u r es  hav e  been 

r epor t ed  ( 17- 19, 55)

Or ga n i c  agent s  s uc h as  gl ue ar e of t en added t o t he e l ec t r o l y t e  

t o a i d i n p r oc es s  c ont r o l .  I mpr ov ement s  i n depos i t  a p pe a r an c e  and 

c u r r en t  e f f i c i en c y  may  oc c u r  when gl ue i s added t o t he e l ec t r o l y t e ,  

bu t  op t i mu m l ev e l s  do ex i s t  and mus t  not  be ex c eeded or  c er t a i n  

de l e t e r i ou s  e f f ec t s  c an r es u l t  ( 17- 19) .

Si nc e  i mpur i t y  i n t e r ac t i ons  c an c r ea t e  s ev er e  op e r a t i n g  p r o b ­

l ems ,  i t  wo u l d  be de s i r a b l e  t o de t e r mi n e  t he bas i s  f or  ma ny  o f  t hei r  

i n t e r ac t i ons  and mak e t he p r oc es s  mo r e  p r ed i c t ab l e .

Th i s  s t udy  ex ami nes  t he e f f ec t s  o f  an t i mony ,  a r s en i c ,  c oba l t ,  

ger man i um,  and g l ue on c u r r en t  e f f i c i en c y  and depos i t  mo r p h o l o g y  at  

v a r i ous  t e mp er a t u r es  and ac i d c onc en t r a t i ons .  I n o r de r  t o ev a l ua t e  

t he  e f f ec t s  o f  t hes e  v a r i ab l es  s i mu l t an eo us l y ,  a f a c t o r i a l l y  

d e s i gn ed  s et  o f  ex pe r i me nt s  was  c onduc t ed.  Hi gh and l ow l ev el s  of  

eac h  pa r a me t e r  we r e  c h os en t o ap p r ox i ma t e  i ndus t r i a l  c ond i t i o ns  

( 1, 2) .  A t ot al  o f  128 t es t s  we r e  c o nduc t e d  us i ng al l  po s s i b l e  c o m­

b i na t i on s  o f  t he s ev en f ac t o r s  and t he r es u l t s  we r e  us ed t o es t a b ­

l i s h t he r e l a t i v e  i mpo r t an c e  o f  eac h f ac t o r  and  a l s o  de t e r mi n e  what  

i mpo r t an t  i n t e r ac t i ons  may  ex i s t .  Onc e t hes e  we r e  es t ab l i s he d,  a d ­

d i t i ona l  t es t s  we r e  pe r f o r med t o c o n f i r m t he t r ends .  I n add i t i on ,  

a model  was  ge ne r a t e d  us i ng  t hes e  r es u l t s  wh i c h  a l l ows  p r ed i c t i on  of  

t he e f f ec t s  o f  t he c h os en  v ar i ab l es  at  o t he r  l ev el s .
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Ex p e r i me n t a l

Fac t or i a l  Des i gn

The f ac t o r s  c hos en and t he t wo l ev el s  o f  eac h  f a c t o r  as  wel l  as  

t he i r  s y mbo l s  a r e g i v en  i n Tab l e  I .  The c o nc en t r a t i o n  l ev e l s  i n d i ­

c a t ed  a r e i n add i t i on  t o t he c onc en t r a t i o ns  of  t he i mpur i t i es  a l r eady  

i n t he bas e  e l ec t r o l y t e .  The ana l y s i s  o f  t he neut r al  s o l u t i on  us ed 

f o r  t he bas e  e l ec t r o l y t e  i s g i v en  i n Tab l e  I I .

One r e p l i c a t e  of  t he ex per i ment al  des i gn  c ons i s t i ng  of  128 t es t s  

was  c onduc t ed .  I n add i t i on ,  13 c en t er  po i n t  t es t s  and  a s e l ec t  n u m­

be r  of  du p l i c a t e  t es t s  we r e  c onduc t ed  t o es t i ma t e  t he ex per i ment a l  

v ar i an c e  o f  t he s y s t em.  The t es t s  we r e  r a nd omi z ed  us i ng a t ab l e  of  

r a nd om number s  i n o r de r  t o e l i mi n a t e  t he s y s t emat i c  e r r o r  i nv o l v ed  i n 

t he ex per i ment .

So l u t i on  Pr ep ar a t i on

A s t oc k  s o l u t i on  of  neut r a l  ( pH = 4 . 0 -  4. 5)  pu r i f i ed  z i nc  s u l ­

f a t e s o l u t i on  was  pr epar ed  by  us i ng hi gh pur i t y ,  Fr enc h pr oc es s  z i nc  

ox i de  po wd er  and r eagent  g r ade s u l f u r i c  ac i d.  The z i nc  s u l f a t e  s o l u ­

t i on was  pu r i f i ed  by  add i ng  0. 1 t o 0. 2 ml / 1 of  0. 1 N KMn 0 4 ; hea t i ng  

t o ne ar  t he bo i l i ng  po i nt  wi t h  v i gor ous  s t i r r i ng ;  s e t t l i ng  o f  t he 

p r ec i p i t a t es  f o r  30 mi nu t es  at  80 t o 85° C and t hen  f i l t er i ng .  The 

f i l t r a t e  was  t hen pu r i f i ed  by  add i ng  2 g/ 1 o f  z i nc  dus t ;  hea t i ng  t o 

t he bo i l i n g  po i n t  wi t h  s t i r r i ng  f or  30 t o 45 mi nu t es  and t hen f i l ­

t e r i ng  t o r emov e ex c es s  z i nc  dus t .

A v o l ume o f  neut r a l  pu r i f i ed  s o l u t i on ,  s u f f i c i e n t  t o  y i e l d  a 

bas e  e l ec t r o l y t e  c o nc en t r a t i o n  o f  65 g/ 1,  was  used.

A s t oc k  s o l u t i on  c o n t a i n i ng  13 mg/ 1 o f  an t i mo ny  was  p r ep ar ed  by  

d i s s o l v i ng  an t i mo ny  po t a s s i u m t a r t r a t e  i n d i s t i l l ed  wat er .  Coba l t
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Tab l e  I .  Fac t o r s  Us ed  i n t he Des i gn.

Sy mbol Low Lev e l * Hi gh Le v e l *

Temp.  ( ° C) t 35 45

H2S0 4 ( g/ 1) a 100 200

Ge ( mg/ 1) 9 0 0. 04

Sb ( mg/ 1) s 0 0. 026

Co ( mg/ 1) c 0 2. 4

As  ( mg/ 1) r 0 0. 04

Gl ue  ( mg/ 1) 0 6 20

* Fo r  t he i mpu r i t y  c o nc en t r a t i o ns ,  t hes e  ar e t he addi t i ona l  l ev el s  

o f  i mpu r i t y  ov e r  and  abov e t hos e  a l r e ad y  i n t he bas e e l ec t r o l y t e .
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Tab l e I I .  An a l y s i s  o f  Neut r a l  Pu r i f i ed  So l u t i on  ( mg/ £) .

Pr epar ed I ndus t r i a l

Zn 130, 000 170, 000

Mn <0. 1 3, 500

Cd 1. 3 1. 7

Sb 0. 01 - -

As <0 . 0 4 - -

Sb + As - - 0 . 04

Ge 0. 002 0. 004

Co <0. 1 0. 1

Ni <0 . 05 <0 . 0 5

Fe 0. 4 5. 9

Cu 0. 08 0. 3

F" 0. 1 1. 0

Cl ' 1. 0 370
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s o l u t i on  was  pr epar ed  by  d i s s o l v i ng  c oba l t ous  s u l f a t e  i n d i s t i l l e d  

wa t e r  t o a l evel  o f  800  mg/ 1.  St oc k  s o l u t i ons  of  ge r man i u m and a r s e ­

n i c  o f  10 mg/ 1 we r e  a l s o  p r epar ed .  The ge r man i u m was  d i s s o l v e d  i n 

s u l f u r i c  ac i d a f t e r  Ge 0 2 was  f us ed wi t h  K2C0 3 and Na 2C0 3 . As 20 3 was

us ed t o p r epar e  t he a r s e n i c  s ol u t i on .  Al l  of  t he s t oc k  s o l u t i ons  

we r e  an a l y z ed  by  us i ng a t omi c  ab s o r p t i on  anal y s i s .  The s o l u t i ons  of  

t he i mpur i t i es  we r e  s t o r ed  i n p l as t i c  bo t t l es  and an a l y z ed  p e r i o d i c ­

a l l y .

St oc k  s o l u t i ons  of  g l ue  ( Swi f t - - EZ TPC #3)  and gum a r ab i c  o f  

1 g/ 1 we r e  p r epar ed  by  d i s s o l v i ng  t he o r gan i c  i n d i s t i l l ed  wa t e r  and 

s t o r i n g  unde r  r e f r i g e r a t i o n  t o mi n i mi z e  degr adat i on .

Tes t  s o l u t i ons  we r e  p r epar ed  by  t ak i ng  t he r equ i r ed  amount  of  

neut r a l  pur i f i ed ,  r e agen t  g r ade s u l f u r i c  ac i d,  i mpur i t y  s o l u t i on  and 

or ga n i c  ad d i t i on  agent ,  and p l ac i ng  t hem i n a 1 l i t e r  v o l u me t r i c  

f l as k .  The v o l u me  was  ad j u s t ed  t o one l i t e r  by  ad d i ng  d i s t i l l e d  

wat er .

El ec t r od e  Pr ep ar a t i on

Two anodes ,  c o ns i s t i ng  o f  p l a t i n um wi r e  gauz e,  and one c a t hode 

o f  t y pe 3003 a l umi n um we r e  us ed f or  e l ec t r o l y s i s .  The a l umi n um 

c a t h od es  we r e  p r epar ed  by  po l i s h i ng  wi t h  320 gr i t  pape r  t hen r i ns i ng  

wi t h  t ap wa t e r  and d i s t i l l e d  wa t e r  and f i na l l y  d r y i ng  i n hot  ai r .

The e l ec t r od es  we r e  we i g h e d  and t hen p l ac ed i n a Pl ex i g l a s s  e l e c ­

t r ode  as s e mb l y  wh i c h  ma i n t a i n e d  t he s ame e l ec t r ode  s pac i ng  f o r  eac h 

ex per i men t .  The an odes  had a s l i gh t l y  l a r ger  ar ea t han t he  c at hodes .  

The ar ea of  c a t h od e ex po s e d t o t he e l ec t r o l y t e  was  ad j u s t ed  t o ma i n ­

t a i n  a c o ns t a n t  c u r r en t  o f  800 mA ov er  a 12 hour  d e po s i t i on  per i od.
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El ec t r o l y s i s

The c e l l s  we r e  c onnec t ed  i n s er i es  i n a c o n t r o l l ed  t emper a t u r e  

wa t e r  ba t h ( ±0. 5° C) .  A c ons t an t  c ur r en t  power  s upp l y  ( HP6284A)  was  

us ed and t he t ot al  number  o f  c ou l ombs  pas s ed dur i ng e l ec t r o l y s i s  was  

r ec or d ed by  an amp- t i me  me t e r  ( Pul s c o Model  20)  wh i c h  had been c a l i ­

b r a t ed  wi t h  a c opper  c ou l omet er .  An ammet e r  was  us ed t o ad j us t  t he 

c u r r en t  t o t he des i r ed  v al ue.  Dur i ng t he e l ec t r o l y s i s ,  s o l u t i on  

l ev el s  we r e  ma i n t a i n ed  by  add i ng  d i s t i l l ed  wa t e r  at  s et  i n t er v al s .

No mec han i c a l  s t i r r i ng  was  empl oy ed ,  but  nat ur al  c o nv ec t i on  due t o 

gas  ev o l u t i o n  p r ov i ded  s ome nat ur al  s t i r r i ng.

Af t e r  e l ec t r o l y s i s ,  t he c a t hodes  wer e  r i ns ed wi t h  bot h t ap 

wa t e r  and  d i s t i l l ed  wat er ,  and  t hen dr i ed  and wei ghed.  The c u r r en t  

e f f i c i en c y  was  c a l c u l a t ed  bas ed on t he r ec o r ded we i g h t  and t he t ot al  

amount  o f  c ou l ombs  pas s ed.  The mo r p ho l o gy  and c r y s t a l  o r i en t a t i ons  

of  t he depos i t s  we r e  t hen c hec k ed by  s c ann i ng  e l ec t r on  mi c r os c o py  

and x - r a y  d i f f r ac t i on .
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Res u l t s  and  Di s c us s i on

Cu r r e n t  Ef f i c i en c y  Tes t s

St a t i s t i c a l  An a l y s i s  The c a l c u l a t ed  c a t h od e  e f f i c i en c i es  we r e  

s t a t i s t i c a l l y  an a l y z ed  us i ng  a di gi t a l  c o mp ut er  ac c o r d i n g  t o t he 

" t ab l e  o f  s i gns "  me t h o d  ( 32) .  The us e o f  t he ex per i ment a l  de s i gn  

pe r mi t s  t he es t i ma t i o n  o f  t he  f a c t o r  e f f e c t s  mo r e  p r ec i s e l y  t han  one-  

f a c t o r  a t  a t i me t es t i n g  be c a us e  o f  h i dd en  r e p l i c a t i o n  i n t he des i gn .  

Th e  s i z e  o f  t he de s i gn  e mp l oy ed  r educ es  t he  e f f ec t s  o f  v a r i a t i o ns  of  

s i ng l e  obs e r v a t i o ns  on t he c a l c u l a t ed  f a c t o r  ef f ec t s .  The v a r i a b i l i ­

t y  o f  t he c a l c u l a t ed  f a c t o r  e f f ec t s  i s on l y  0 . 18  t hat  o f  a s i ng l e  

ob s e r v a t i o n  as c a l c u l a t ed  by  t he  p r ec i s i o n  r a t i o  ( a - pp / o - ggg = 0. 18) .

I n o r de r  t o de t e r mi n e  t he v a r i a b i l i t y  o f  t he ob s e r v a t i o ns ,  13 

c e n t e r  po i n t  t es t s  we r e  c o n d uc t e d  a l on g  wi t h  du p l i c a t i o n  o f  6 o f  t he 

f ac t o r i a l  t es t s .  The f ac t o r i a l  t es t s  du p l i c a t e d  we r e  c h os en a t  r a n ­

dom.  The po o l ed  s t an da r d  de v i a t i on  i n t he c u r r en t  e f f i c i en c y  f o r  t he 

t es t s  wa s  4. 86%.  The c u r r en t  e f f i c i en c i es  ob t a i n ed  f o r  t he e x p e r i ­

ment a l  de s i gn  r a ng ed  f r om 0 t o 94 per c ent .

The s i g n i f i c an c e  o f  t he f a c t o r  e f f ec t s  and t he  c u r v a t u r e  o f  t he 

s y s t e m we r e  a n a l y z e d  by  c a l c u l a t i n g  t he  mi n i mu m s i g n i f i c an t  e f f e c t  

s t a t i s t i c s  ( 32) .  I f  a c o mp u t ed  f a c t o r  e f f e c t  i s  l a r ger  t han  t he 

c a l c u l a t e d  s t a t i s t i c ,  i t  c an be c o nc l u de d  t ha t  t he t r ue  e f f e c t  i s 

non - z er o .  The ma g n i t u d e  o f  t he c a l c u l a t ed  f ac t o r  e f f e c t  g i v es  an 

i n d i c a t i on  o f  t he  i mpo r t an c e  o f  t he f a c t o r  f o r  t he s y s t em.  The 

l a r g e r  t he ma gn i t ud e ,  t he g r ea t e r  t he  i mpo r t an c e  of  t he  f ac t or .

Si n c e  t he  de s i gn  has  a g r ea t  deal  o f  h i dden r ep l i c a t i o n ,  a s i g n i f i ­

c a nc e  l ev el  o f  0. 99 was  us ed t o c a l c u l a t e  t he mi n i mu m s i g n i f i c an t
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T a b le  I I I .  F a c t o r s  Shown t o  be  S i g n i f i c a n t  f o r  C o n f i d e n c e  

L e v e l  = 0 . 9 9 .

F a c t o r C a l c u l a t e d  F a c t o r  E f f e c t

Mean 5 8 . 9 9

a - 3 7 . 2 7 5

c - 2 3 . 6 0 3

t - 1 6 . 4 7 5

so 1 3 . 8 1 5

0 1 3 . 2 8 4

g - 1 1 . 3 2 2

a c I • ro co --
j

r - 9 . 6 3 1

a s c 9 . 4 3 7

s - 9 . 1 9 0

go 6 . 6 7 8

c r - 6 . 3 3 1

a s 5 . 1 0 6

t s - 4 . 8 4 4

t c o - 4 . 5 2 5

g s c r o 4 . 3 7 5

a g s c r o 4 . 3 1 6

t a g o - 4 . 1 6 6

c r o - 4 . 1 2 5

a r - 3 . 8 8 4

g r 3 . 7 4 4
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Ta b l e  I I I  ( Cont i nued)

F a c t o r C a l c u l a t e d  F a c t o r  E f f e c t

a r o - 3 . 6 4 1

a e r o - 3 . 5 0 9

t a - 3 . 2 7 5

ao 3 . 1 1 9

a g s 3 . 0 9 4

a c r - 3 . 0 4 1

t g o - 3 . 1 0 0

t g s e r - 3 . 0 0 9

t s r o - 3 . 0 0 3

t g c r o 2 . 9 5 3

a s c o - 2 . 8 4 4

gs - 2 . 7 0 3

CO 2 .5 9 1

ag - 2 . 5 8 7

t a c 2 .5 4 1

t s o - 2 . 5 0 6

g s o 2 . 4 9 7

t g - 2 . 4 8 1

t a o - 2 . 4 7 8

t a g s o - 2 . 3 9 7

a g s o - 2 . 3 8 1

a g r o - 2 . 2 7 2

a g e o 2 . 2 6 2
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e f f e c t  s t a t i s t i c s .  T h e  " t "  s t a t i s t i c  u s e d  i n  t h e  c a l c u l a t i o n  w as  

* 0 . 9 9  = 2 . 5 5  f o r  18  d e g r e e s  o f  f r e e d o m  ( 3 3 ) .  A t  t h i s  c o n f i d e n c e  

l e v e l ,  t h e  m in im u m  s i g n i f i c a n t  f a c t o r  e f f e c t  was f o u n d  t o  be  2 . 2  an d  

t h e  m in im u m  s i g n i f i c a n t  c u r v a t u r e  e f f e c t  w as  d e t e r m i n e d  t o  e q u a l  t o  

4 . 1 .  T h e r e f o r e ,  f o r  a f a c t o r  t o  be c o n s i d e r e d  s i g n i f i c a n t  i t  m u s t  

e x c e e d  2 . 2  and  f o r  t h e  s y s te m  t o  h a v e  s i g n i f i c a n t  c u r v a t u r e ,  t h e  

c u r v a t u r e  f a c t o r  m u s t  e x c e e d  4 . 1 .

T h e  e f f e c t  o f  c u r r e n t  d e n s i t y  was n o t  m e a s u re d  i n  t h e  f a c t o r i a l  

s t u d y ,  b u t  was e x a m in e d  i n  o t h e r  t e s t s  a n d  w i l l  be  c o n s i d e r e d  l a t e r .  

Th e  s i g n i f i c a n t  f a c t o r s  a n d  t h e  c a l c u l a t e d  f a c t o r  e f f e c t s  d e t e r m i n e d  

b y  u s i n g  t h e  f a c t o r i a l  d e s i g n  a p p e a r  i n  T a b le  I I I .  B e f o r e  a d e t a i l e d  

d i s c u s s i o n  o f  t h e  r e s u l t s  o f  t h e  f a c t o r i a l  a n a l y s i s  i s  g i v e n ,  t h e  e f ­

f e c t  o f  v a r i a t i o n  o f  c u r r e n t  d e n s i t y  on  c u r r e n t  e f f i c i e n c y  w i l l  be 

d i s c u s s e d .

Ef f ec t  of  C u r r e n t  De ns i t y  F i g u r e  1 i l l u s t r a t e s  t h e  e f f e c t s  o f  

i n c r e a s i n g  t h e  c u r r e n t  d e n s i t y .  A c o m m e r c ia l  p l a n t  e l e c t r o l y t e  c o n ­

t a i n i n g  60 g /1  Zn a n d  2 0 0  g /1  HzSO,* was u s e d  f o r  t h i s  s t u d y .  Th e  

c e l l  t e m p e r a t u r e  w as  m a i n t a i n e d  a t  4 0 ° C .  As c a n  b e  s e e n ,  t h e  g r e a t ­

e s t  c h a n g e  o c c u r s  f r o m  30  t o  4 0  m A /cm 2 . A f t e r  t h i s  p o i n t  t h e  c u r r e n t  

e f f i c i e n c y  c o n t i n u e s  t o  i n c r e a s e ,  b u t  t o  a l e s s e r  e x t e n t .  I t  m u s t  be 

r e c o g n i z e d  t h a t  i f  o t h e r  f a c t o r s  s u c h  a s  t e m p e r a t u r e ,  m o r p h o l o g y ,  

d e n d r i t e  g r o w t h ,  e t c .  w h i c h  d e p e n d  on  t h e  c u r r e n t  d e n s i t y  a r e  n o t  

c o n t r o l l e d ,  an a d v e r s e  e f f e c t  o n  t h e  c u r r e n t  e f f i c i e n c y  may o c c u r  

u p o n  i n c r e a s i n g  t h e  c u r r e n t  d e n s i t y .  H o w e v e r ,  i f  t h e s e  f a c t o r s  a r e  

c o n t r o l l e d ,  t h e r e  a r e  a n u m b e r  o f  r e a s o n s  w h y  i n c r e a s i n g  t h e  c u r r e n t  

d e n s i t y  s h o u l d  im p r o v e  t h e  c u r r e n t  e f f i c i e n c y .  F i r s t ,  t h e  o v e r v o l t ­

a g e  o f  h y d r o g e n  d i s c h a r g e  i n c r e a s e s  a t  a f a s t e r  r a t e  t h a n  t h a t  o f
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3 0  4 0  5 0  6 0  7 0  8 0
^d ( m A / c m ^ )

F i g u r e  1 .  C u r r e n t  E f f i c i e n c y  v s  C u r r e n t  D e n s i t y  f o r  

I n d u s t r i a l  E l e c t r o l y t e s  C o n t a i n i n g  60  gH  

Zn a n d  20 0  g l l  H zS O *.  T = 4 0 ° C .
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z i n c  d i s c h a r g e  as  t h e  c u r r e n t  d e n s i t y  i n c r e a s e s ,  w h i c h  e n a b le s  t h e  z i n c  

i o n s  t o  u t i l i z e  a g r e a t e r  p e r c e n t a g e  o f  t h e  a p p l i e d  c u r r e n t  ( 3 4 ) .

A l s o ,  t h e  e f f e c t  o f  t h e  i m p u r i t i e s  i n  t h e  e l e c t r o l y t e  i s  l e s s e n e d ,  

b e c a u s e  t h e  r e l a t i v e  a m o u n t  o f  i m p u r i t i e s  d e p o s i t i n g  w i t h  t h e  z i n c  

d e c r e a s e s  b e c a u s e  t h e i r  r a t e  o f  d e p o s i t i o n  i s  d i f f u s i o n  c o n t r o l l e d  and  

t h e  z i n c  d e p o s i t i o n  r a t e  i s  n o t  ( 3 5 ) .  F i n a l l y ,  a t  v e r y  lo w  c u r r e n t  

d e n s i t i e s ,  t h e  c a t h o d i c  p r o t e c t i o n  o f  t h e  d e p o s i t e d  z i n c  i s  r e l a t i v e l y  

w e ak  a n d  s i g n i f i c a n t  d i s s o l u t i o n  o f  t h e  d e p o s i t  may o c c u r .  The d i s s o ­

l u t i o n  p r o c e s s  i s  s u p p r e s s e d  a t  h i g h e r  c u r r e n t  d e n s i t i e s .

The  c u r r e n t  d e n s i t i e s  u s e d  f o r  t h i s  s t u d y  r a n g e  f r o m  40  t o  70 

m A /cm 2 . A c u r r e n t  d e n s i t y  o f  60  m A /cm 2 was u s e d  f o r  t h e  f a c t o r i a l  

d e s i g n .  O t h e r  t e s t s  c o n d u c t e d  t o  c o n f i r m  t h e  e f f e c t s  o f  t h e  f a c t o r i a l  

d e s i g n  w e r e  c o n d u c t e d  a t  40  m A /cm 2 . T h i s  c u r r e n t  d e n s i t y  was u s e d  

b e c a u s e  c o n d i t i o n s  a r e  s l i g h t l y  m o re  s e v e r e  a t  t h i s  l e v e l  an d  t h e  

e f f e c t s  o f  t h e  i m p u r i t i e s  a r e  s o m e w h a t  m a g n i f i e d .  A d d i t i o n a l  t e s t s  

c o n d u c t e d  t o  g a i n  an  u n d e r s t a n d i n g  o f  t h e  e f f e c t s  o f  a c i d  c o n c e n t r a ­

t i o n  w e r e  c o n d u c t e d  a t  70  m A /c m 2 . T h i s  c u r r e n t  d e n s i t y  was u s e d  

b e c a u s e  p l a n t s  o p e r a t i n g  a t  h i g h e r  a c i d  c o n c e n t r a t i o n s  g e n e r a l l y  u s e  

h i g h e r  c u r r e n t  d e n s i t i e s  ( 1 , 2 )

E f f e c t s  o f  t h e  D e s ig n  V a r i a b l e s The  e f f e c t s  o f  t h e  s i n g l e  f a c ­

t o r s  c h o s e n  f o r  t h e  s t u d y  w e r e  a l l  shown t o  be s i g n i f i c a n t .  O f  t h e  

f a c t o r s  c o n s i d e r e d ,  a c i d  l e v e l  h a d  t h e  l a r g e s t  e f f e c t  on  r e d u c i n g  t h e  

c u r r e n t  e f f i c i e n c y ,  f o l l o w e d  i n  d e g r e e  o f  i n f l u e n c e  b y  c o b a l t ,  t e m ­

p e r a t u r e ,  a n t i m o n y ,  g e r m a n iu m ,  a n d  a r s e n i c .  The  a d d i t i o n  o f  g l u e  t o  

t h e  e l e c t r o l y t e  i n c r e a s e d  t h e  c u r r e n t  e f f i c i e n c y  a n d  was t h e  o n l y  

p o s i t i v e  s i n g l e  f a c t o r .  The  r e s u l t s  i n d i c a t e  t h a t  i n c r e a s i n g  a n y  o f  

t h e  o t h e r  f a c t o r s  t o  h i g h e r  l e v e l s  c a u s e s  t h e  z i n c  c u r r e n t  e f f i c i e n c y
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t o  d r o p .

A c i d  E f f e c t s  A m o re  d e t a i l e d  s t u d y  w as  c o n d u c t e d  f o r  t h e  a c i d  

f a c t o r  b e c a u s e  o f  i t s  s i g n i f i c a n t l y  d e t r i m e n t a l  i n f l u e n c e  o n  c u r r e n t  

e f f i c i e n c y .  I n d u s t r i a l l y  p r o d u c e d ,  n e u t r a l  p u r i f i e d  z i n c  s u l f a t e  was 

u s e d  t o  m ake an  e l e c t r o l y t e  c o n t a i n i n g  60  g /1  Z n . T h e  e l e c t r o l y s e s  

w e r e  c o n d u c t e d  a t  40 ° C  a n d  70 m A /cm 2 . T h e  r e s u l t s  a p p e a r  i n  F i g u r e  2 

a n d  sh ow  t h a t  t h e  c u r r e n t  e f f i c i e n c y  b e g in s  t o  d e c l i n e  n o t i c e a b l y  

b e tw e e n  15 0  a n d  2 5 0  g /1  i n  a n o n - l i n e a r  f a s h i o n .  T h e  s l i g h t  i n c r e a s e  

u p o n  a d d in g  some a c i d  i s  d u e  t o  t h e  i n c r e a s e d  c o n d u c t i v i t y  a n d  l o w e r  

v i s c o s i t y  o f  t h e  s o l u t i o n  w h i c h  r e d u c e  d e n d r i t e  f o r m a t i o n  ( 3 6 ) .  

C h o o s in g  o p e r a t i n g  r a n g e s  a t  h i g h  a c i d  l e v e l s  may c a u s e  l a r g e  c u r r e n t  

e f f i c i e n c y  f l u c t u a t i o n s  i f  t h e  a c i d  l e v e l  v a r i e s  s i g n i f i c a n t l y  a b o u t  

t h e  o p e r a t i n g  p o i n t .  F o r  e x a m p le ,  i f  an  o p e r a t i n g  l e v e l  o f  20 0  g /1  

^ S O i ,  i s  c h o s e n  a n d  t h e  v a r i a b i l i t y  a b o u t  t h i s  p o i n t  i s  ± 20 g / 1 ,  t h e  

c u r r e n t  e f f i c i e n c y  o b t a i n e d  may r a n g e  f r o m  75 t o  8 6  p e r c e n t .  S uch  

v a r i a t i o n  w o u ld  b e  q u i t e  u n s a t i s f a c t o r y .

A n t i m o n y ,  A r s e n i c ,  a n d  G e rm a n iu m  E f f e c t s  Th e  f a c t o r s  f o r  a n t i ­

m o n y ,  g e r m a n iu m  a n d  a r s e n i c  w i l l  b e  c o n s i d e r e d  t o g e t h e r  b e c a u s e  t h e s e  

i m p u r i t i e s  o f t e n  h a v e  b e e n  r e p o r t e d  t o  a c t  s i m i l a r l y  ( 3 - 2 1 ) .  F o r  

c o n v e n i e n c e ,  t h e  c a l c u l a t e d  e f f e c t s  a r e  r e p e a t e d  i n  T a b le  I V .  The  

v a l u e  f o r  a n t i m o n y  ha s  be e n  a d j u s t e d  t o  a l l o w  a c o m p a r i s o n  w i t h  g e r ­

m a n iu m  a n d  a r s e n i c  on  an  e q u a l  c o n c e n t r a t i o n  b a s i s .  Th e  v a l u e s  o f  

t h e  f a c t o r s  i n d i c a t e  t h a t  a l l  t h r e e  i m p u r i t i e s  c a u s e  d e c r e a s e s  i n  

c u r r e n t  e f f i c i e n c y .  A n t im o n y  ha s  t h e  l a r g e s t  e f f e c t ,  f o l l o w e d  by  

g e r m a n iu m ,  a n d  t h e n  a r s e n i c .  A s e r i e s  o f  t e s t s  u s i n g  t h e  b a s e  

e l e c t r o l y t e  f r o m  t h e  f a c t o r i a l  a n a l y s i s  w e r e  c o n d u c t e d  t o  c o n f i r m
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0  5 0  100 1 5 0  2 0 0  2 5 0

( g / l )  H 2 $ Q 4

F i g u r e  2 .  C u r r e n t  E f f i c i e n c y  v s  A c i d  C o n c e n t r a t i o n  f o r  

I n d u s t r i a l  E l e c t r o l y t e s  C o n t a i n i n g  60  g / £  Z n . 

T = 4 0 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 .



T a b l e  I V .  C a l c u l a t e d  F a c t o r  E f f e c t s  f o r  A n t i m o n y ,

G e r m a n iu m ,  a n d  A r s e n i c .

F a c t o r C a l c u l a t e d  F a c t o r  E f f e c t

A n t im o n y - 1 4 . 1 3 8 *

G e rm a n iu m - 1 1 . 3 2 2

A r s e n i c - 9 . 6 3 1

* N o r m a l i z e d  t o  a n  e q u a l  c o n c e n t r a t i o n  b a s i s  w i t h  g e rm a n iu m  

a r s e n i c .
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I M P U R I T Y  C O N G .

F i g u r e  3 .  C u r r e n t  E f f i c i e n c y  v s  I m p u r i t y  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65  g / £  Zn a n d  

2 0 0  g / £  H2S01*. T = 4 5 ° C ;  C u r r e n t  D e n s i t y  =

40  m A /cm 2 .
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t h e s e  t r e n d s .  A t e m p e r a t u r e  o f  4 5 ° C ,  40  m A /cm z c u r r e n t  d e n s i t y ,  an d  

100 g /1  H2S 0 i* c o n c e n t r a t i o n  w e r e  t h e  c o n d i t i o n s  e m p lo y e d .  R e s u l t s  

o f  t h e  t e s t s  f o r  e a c h  o f  t h e  t h r e e  i m p u r i t i e s  a r e  show n i n  F i g u r e  3 ,  

a n d  t h e s e  c o m p a re  f a v o r a b l y  w i t h  t h o s e  f r o m  t h e  f a c t o r i a l  s t u d y .  A t  

a c o n c e n t r a t i o n  l e v e l  o f  40 ppb  o f  i m p u r i t y ,  t h e  c u r r e n t  e f f i c i e n c y  

f o r  a s o l u t i o n  c o n t a i n i n g  a n t im o n y  was 82%; f o r  g e r m a n iu m ,  91%, an d  

f o r  a r s e n i c ,  c l o s e  t o  95%. S in c e  t h e  c u r r e n t  e f f i c i e n c y  i s  s e n s i t i v e  

t o  t h e  n a t u r e  o f  t h e  i m p u r i t y ,  i t  i s  q u i t e  i m p o r t a n t  t o  d e t e r m i n e  

w h ic h  i m p u r i t i e s  a r e  p r e s e n t  and  t o  a d j u s t  t h e  p u r i f i c a t i o n  p r o c e s s  

t o  g i v e  l e v e l s  w h i c h  c a n  be  t o l e r a t e d  i n  t h e  c e l l  r o o m .  F r e q u e n t l y ,  

o n l y  t h e  c o m b in e d  a m o u n t  o f  a n t im o n y  a n d  a r s e n i c  i n  s o l u t i o n  i s  

r e p o r t e d  r a t h e r  t h a n  t h e  i n d i v i d u a l  c o n c e n t r a t i o n s .

C o b a l t  E f f e c t s  a n d  I n t e r a c t i o n s  w i t h  A c i d  Th e  c a l c u l a t e d  f a c t o r  

e f f e c t  f o r  c o b a l t  i s  v e r y  l a r g e  ( - 2 3 . 6 0 3 )  an d  i s  e x c e e d e d  o n l y  b y  t h e  

v a l u e  o b t a i n e d  f o r  t h e  a c i d .  S in c e  t h e  c o b a l t  c o n c e n t r a t i o n  was 

f o u n d  t o  be v e r y  s i g n i f i c a n t ,  a s e p a r a t e  c u r r e n t  e f f i c i e n c y  s t u d y  was 

d o n e  w i t h  t h e  same b a s e  e l e c t r o l y t e  a n d  o p e r a t i n g  p a r a m e t e r s  u s e d  

p r e v i o u s l y .  Two a c i d  l e v e l s  w e r e  c o n s i d e r e d  a n d  t h e  r e s u l t s  a p p e a r  

i n  F i g u r e  4 .  A t  t h e  l o w e r  a c i d  l e v e l  ( 1 0 0  g / 1 ) ,  t h e  e f f e c t  o f  c o b a l t  

i s  n o t  s e v e r e  u n t i l  c o n c e n t r a t i o n s  g r e a t e r  t h a n  12 m g/1  a r e  e x c e e d e d .  

T h i s  a p p e a r e d  t o  c o n t r a d i c t  t h e  r e s u l t s  o f  t h e  f a c t o r i a l  s t u d y ,  b u t  

u p on  i n c r e a s i n g  t h e  a c i d  c o n t e n t  t o  15 0  g /1  H2S0»t, o n l y  6 mg /1 was 

t o l e r a b l e .  A t  b o t h  c o n c e n t r a t i o n s  o f  a c i d ,  a c r i t i c a l  c o b a l t  l e v e l  

a p p e a r s .  Up t o  t h i s  l e v e l  t h e r e  i s  a s l i g h t  l i n e a r  d e c r e a s e  o f  t h e  

c u r r e n t  e f f i c i e n c y  w i t h  i n c r e a s i n g  c o b a l t  c o n t e n t .  A f t e r  t h i s  l e v e l  

i s  e x c e e d e d ,  c a t a s t r o p h i c  l o s s e s  i n  c u r r e n t  e f f i c i e n c y  r e s u l t .  

I n c r e a s i n g  t h e  a c i d  c o n t e n t  c a u s e s  t h i s  p o i n t  t o  s h i f t  t o  d e c r e a s i n g
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( m g / 1 )  C o b a l t

F i g u r e  4 .  C u r r e n t  E f f i c i e n c y  v s  C o b a l t  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65 g/ l  Zn a n d  

V a r i o u s  A c i d  C o n c e n t r a t i o n s .  T = 4 5 ° C ;  C u r r e n t  

D e n s i t y  = 40  m A /cm 2 .
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c o b a l t  c o n c e n t r a t i o n s ,  w h i c h  a g r e e s  w i t h  t h e  r e s u l t s  o f  o t h e r  i n v e s ­

t i g a t o r s  ( 1 6 , 2 7 , 3 0 , 3 1 ) .

T h e  c a l c u l a t e d  f a c t o r  e f f e c t  f o r  c o b a l t  a n d  a c i d  i s  - 1 1 . 2 8 7 .

T h i s  i s  a v e r y  l a r g e  f a c t o r  a n d  i n d i c a t e s  t h a t  t h e r e  i s  a s t r o n g  

n e g a t i v e  i n t e r a c t i o n  b e tw e e n  c o b a l t  a n d  a c i d .  O t h e r s  h a v e  a t t r i b u ­

t e d  t h e  i n f l u e n c e  o f  c o b a l t  t o  l o c a l  c e l l  a c t i o n  ( 1 6 , 2 7 , 3 0 , 3 1 ) .  The 

e x c h a n g e  c u r r e n t  v a l u e  f o r  h y d r o g e n  r e d u c t i o n  on c o b a l t  i s  h i g h e r  

t h a n  t h a t  o f  z i n c  an d  t h i s  i n d i c a t e s  t h a t  h y d r o g e n  r e d u c t i o n  on 

c o b a l t  s i t e s  i s  s o m e w h a t e a s i e r  ( 3 5 ) .  L o c a l i z e d  p o t e n t i a l  d i f f e r ­

e n c e s  may a r i s e ,  c a u s e d  b y  c h a n g e s  i n  s u r f a c e  r o u g h n e s s  and t h i s  may 

a l l o w  t h e  f o r m a t i o n  o f  l o c a l i z e d  g a l v a n i c  c e l l s .  Th e  c o b a l t  s i t e s  

t h e n  s e r v e  a s  l o c a l  c a t h o d e s  a n d  n e a r b y  z i n c  s i t e s  a s  l o c a l  a n o d e s .  

C o r r o s i o n  o f  t h e  z i n c  o c c u r s  a t  t h e  a n o d e s  w i t h  h y d r o g e n  r e d u c t i o n  

a t  t h e  c a t h o d e s .  The  l a r g e  a c i d - c o b a l t  i n t e r a c t i o n  t e n d s  t o  s u p p o r t  

t h i s  m e c h a n is m  a n d  i n  a d d i t i o n ,  t h e  d e p o s i t s  o f  z i n c  c o r r e s p o n d i n g  

t o  t h e  p o o r  c u r r e n t  e f f i c i e n c i e s  o f t e n  e x h i b i t e d  s e v e r e  p i t t i n g  and  

o t h e r  s i g n s  o f  c o r r o s i o n .  P i t t i n g  u s u a l l y  a c c o m p a n ie s  l o c a l  c e l l  

a c t i o n .

I n t e r a c t i o n  o f  A r s e n i c ,  A n t i m o n y ,  a n d  G e rm a n iu m  w i t h  A c i d  A r s e ­

n i c  a n d  g e rm a n iu m  a l s o  e x h i b i t  some s y n e r g i s m  w i t h  a c i d ,  b u t  t o  a 

s m a l l e r  d e g r e e  t h a n  c o b a l t .  Th e  f a c t o r  e f f e c t s  o f  t h e s e  i m p u r i t i e s  

a r e :  - 3 . 8 8 4  f o r  a c i d - a r s e n i c  and  - 2 . 5 8 7  f o r  a c i d - g e r m a n i u m .  A n t i ­

m ony sh ow s  a b e n e f i c i a l  i n t e r a c t i o n  w i t h  a c i d ,  a s  i n d i c a t e d  b y  a 

f a c t o r  o f  5 . 1 0 6 .  T h i s  may be  d u e  t o  t h e  c o m p le x  i n t e r a c t i o n  o f  

a n t im o n y  w i t h  g l u e  w h ic h  r e s u l t s  i n  c h a n g e s  i n  m o r p h o lo g y  an d  i s  d i s ­

c u s s e d  l a t e r  i n  g r e a t e r  d e t a i l .  F i g u r e s  5 ,  6 ,  an d  7 i l l u s t r a t e  t h e  

e f f e c t  o f  i n c r e a s i n g  a c i d  c o n c e n t r a t i o n  f o r  s o l u t i o n s  c o n t a i n i n g  t h e
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( p p b )

F i g u r e  5 .  C u r r e n t  E f f i c i e n c y  vs  A n t im o n y  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65 g / £  Zn an d  

V a r i o u s  A c i d  C o n c e n t r a t i o n s .  T = 4 5 ° C ;  C u r r e n t  

D e n s i t y  = 40  m A /cm 2 .
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F i g u r e  6 .  C u r r e n t  E f f i c i e n c y  v s  G e rm a n iu m  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65  g/ l  Zn an d  

V a r i o u s  A c i d  C o n c e n t r a t i o n s .  T = 4 5 ° C ;  C u r r e n t  

D e n s i t y  = 40  m A /cm 2 .
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v a r i o u s  i m p u r i t i e s .  Th e  e f f e c t  o f  a c i d  i n  t h e  p r e s e n c e  o f  e i t h e r  a n t i ­

m o ny  o r  g e rm a n iu m  i s  l e s s  d r a m a t i c  t h a n  t h a t  o b t a i n e d  f o r  c o b a l t .  I n  

b o t h  c a s e s ,  t h e  s y n e r g i s m  i n v o l v e d  i s  n o t  r e a d i l y  a p p a r e n t .  T h e  c o n d i ­

t i o n s  e m p lo y e d  f o r  t e s t i n g  a n t i m o n y ,  g e r m a n iu m ,  an d  a r s e n i c  w e r e  s i m i ­

l a r  t o  t h o s e  u s e d  f o r  c o b a l t .  F i g u r e  7 i n d i c a t e s  t h a t  t h e  e f f e c t  o f  

a r s e n i c  i s  s t r o n g l y  i n f l u e n c e d  b y  a n d  a l i n e a r  f u n c t i o n  o f  t h e  a c i d  

c o n t e n t .  I n c r e a s i n g  t h e  l e v e l  o f  a c i d  seem s t o  g r e a t l y  i n c r e a s e  t h e  

i n t e r a c t i o n  o f  a r s e n i c  a t  t h e  c a t h o d e .  I n c r e a s i n g  t h e  a c i d  c o n c e n t r a ­

t i o n  c a u s e s  a d e c r e a s e  i n  t h e  c u r r e n t  e f f i c i e n c y  f o r  a l l  t h e  a b o v e  

c a s e s .  T h e  p o s i t i v e  s y n e r g i s m  e x h i b i t e d  b y  a n t im o n y  a n d  a c i d  j u s t  

i n d i c a t e s  t h a t  t h e  d e c r e a s e  i s  s o m e w h a t l e s s  t h a n  w o u ld  be e x p e c t e d  i f  

t h e s e  tw o  f a c t o r s  a c t e d  i n d i v i d u a l l y .

E f f e c t s  o f  T e m p e r a t u r e  T e m p e r a t u r e  w as  sh ow n  t o  be a c r i t i c a l  

f a c t o r  w i t h  a c a l c u l a t e d  f a c t o r  e f f e c t  o f  - 1 6 . 4 7 5 .  I n c r e a s i n g  t e m p e r ­

a t u r e s  c a u s e d  l o w e r  c u r r e n t  e f f i c i e n c i e s  a n d  t h e  m a g n i t u d e  o f  t h e  

c h a n g e  i n d i c a t e d  t h a t  e n h a n c e d  a c t i v a t i o n  p r o c e s s e s  s u c h  as z i n c  d i s ­

s o l u t i o n  o r  h y d r o g e n  g a s  e v o l u t i o n  w e r e  r e s p o n s i b l e .  An i n t e r a c t i o n  

b e tw e e n  t e m p e r a t u r e  a n d  a c i d  l e v e l  i s  i n d i c a t e d  b y  a f a c t o r  o f  - 3 . 5 2 8 .  

S y s te m s  c o n t a i n i n g  h i g h  a c i d  l e v e l s  w o u ld  be  e x p e c t e d  t o  sh ow  t h e  

g r e a t e s t  l o s s  i n  c u r r e n t  e f f i c i e n c y  as t h e  c e l l  t e m p e r a t u r e  i s  

i n c r e a s e d .  Th e  e f f e c t  o f  t e m p e r a t u r e  w i t h  t h e  v a r i o u s  i m p u r i t i e s  i s  

o n l y  s i g n i f i c a n t  f o r  a n t i m o n y  a n d  g e r m a n iu m .  F o r  g e r m a n iu m ,  t h e r e  i s  

o n l y  s l i g h t  i n t e r a c t i o n  ( - 2 . 4 8 1 ) ,  b u t  f o r  a n t im o n y  t h e  i n t e r a c t i o n  i s  

m uch g r e a t e r  ( - 4 . 8 4 4 ) .

Th e  Ef f e c t s  o f  Gl u e  Ad d i t i o n  Or g a n i c  a d d i t i v e s  h a v e  b e e n  u s e d  i n

z i n c  d e p o s i t i o n  f o r  a n u mb e r  o f  y e a r s  a n d  t h e i r  a d d i t i o n  i s  r e p o r t e d

t o  i n c r e a s e  c a t h o d e  q u a l i t y  and  i mp r o v e  c u r r e n t  e f f i c i e n c y  f o r
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( g / 1) H 2S 04

F i g u r e  7 .  C u r r e n t  E f f i c i e n c y  v s  A c i d  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65 g / £  Zn a n d  

8 0  pp b  A s .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  =

4 0  m A /c m 2 .
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d e p o s i t s  o b t a i n e d  f r o m  s o l u t i o n s  c o n t a i n i n g  v a r i o u s  a m o u n ts  o f  

i m p u r i t y  ( 5 , 6 , 8 , 9 , 1 5 , 1 7 - 1 9 , 3 7 - 4 8 ) .  T h e  w ay  i n  w h ic h  t h e y  i n t e r a c t  

w i t h  t h e  i m p u r i t i e s  a t  t h e  c a t h o d e  o r  i n  t h e  s o l u t i o n  i s  n o t  w e l l  

u n d e r s t o o d .  The  c a l c u l a t e d  f a c t o r  e f f e c t  o b t a i n e d  f o r  g l u e  a d d i t i o n s  

i s  1 3 . 2 8 4 .  T h i s  r a t h e r  l a r g e  p o s i t i v e  f a c t o r  was t h e  o n l y  p o s i t i v e  

o n e  f o u n d  f o r  t h e  s e v e n  v a r i a b l e s  o f  t h i s  s t u d y .

Th e  r e s u l t s  o f  e l e c t r o l y z i n g  s o l u t i o n s  c o n t a i n i n g  v a r i o u s  a d d i ­

t i o n s  o f  g l u e  a n d  gum a r a b i c  i n  t h e  a b s e n c e  o f  i m p u r i t y  a d d i t i o n  

a p p e a r  i n  F i g u r e  8 .  The  e l e c t r o l y s e s  w e r e  c o n d u c t e d  a t  c o n d i t i o n s  

s i m i l a r  t o  t h o s e  e m p lo y e d  f o r  c o b a l t  a n d  t h e  o t h e r  i m p u r i t i e s .  G lu e  

a n d  gum a r a b i c  g a v e  s i m i l a r  r e s u l t s .  Th e  r e s u l t s  show  t h a t  i n c r e a s ­

i n g  t h e  c o n c e n t r a t i o n  o f  o r g a n i c  a g e n t  i n  t h e  e l e c t r o l y t e  o n l y  

d e c r e a s e s  t h e  c u r r e n t  e f f i c i e n c y .  T h i s  c o n t r a d i c t s  t h e  f a c t o r i a l  

s t u d y .  I t  a p p e a r s  t h a t  i n t e r a c t i o n  w i t h  o t h e r  s o l u t i o n  c o n s t i t u e n t s  

i s  n e c e s s a r y  t o  o b t a i n  t h e  b e n e f i c i a l  e f f e c t s  o f  t h e  o r g a n i c  a d d i t i v e .  

T h i s  i s  a l s o  i n d i c a t e d  b y  t h e  i n t e r a c t i o n  p a r a m e t e r s  c a l c u l a t e d  f o r  

t h e  f a c t o r i a l  s t u d y .

A n t im o n y  a n d  g e rm a n iu m  b o t h  sh ow ed  s i g n i f i c a n t  i n t e r a c t i o n  w i t h  

t h e  g l u e .  C o b a l t  sh ow ed  some m i l d  i n t e r a c t i o n  w i t h  t h e  g l u e ,  b u t  no 

s i g n i f i c a n t  i n t e r a c t i o n  was f o u n d  f o r  a r s e n i c .  F o r  a n t i m o n y ,  g e rm a ­

n iu m ,  a n d  c o b a l t  t h e  f a c t o r  e f f e c t s  a r e  1 3 . 8 1 5 ,  6 . 6 7 8 ,  a n d  2 .5 9 1  r e ­

s p e c t i v e l y .  A d d i t i o n s  o f  g l u e  t o  s o l u t i o n s  c o n t a i n i n g  a n t im o n y  a n d  

g e rm a n iu m  w o u ld  be  e x p e c t e d  t o  sh ow  s t r o n g  g a in s  i n  c u r r e n t  e f f i c i e n c y .  

S m a l l e r  b e n e f i t s  w o u ld  be o b t a i n e d  f o r  s o l u t i o n s  c o n t a i n i n g  c o b a l t .

E l e c t r o l y s e s  w e r e  c o n d u c t e d  t o  c o m p a re  t h e  r e l a t i v e  a m o u n ts  o f  

g l u e  t h a t  w o u ld  be  r e q u i r e d  t o  c o u n t e r a c t  t h e  e f f e c t  o f  a n t im o n y  and  

g e r m a n iu m .  A s o l u t i o n  o f  b a s e  e l e c t r o l y t e  c o n t a i n i n g  a d e t e r m i n e d
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( m g / 1 )  O r g a n i c  A d d .

F i g u r e  8 .  C u r r e n t  E f f i c i e n c y  vs  O r g a n i c  A d d i t i v e  C o n c e n ­

t r a t i o n  f o r  P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  

65  g f t  Zn a n d  100 g/ l  H2S 0 4 . T = 4 5 ° C ;

C u r r e n t  D e n s i t y  = 40  m A /cm 2 .
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a m o u n t  o f  i m p u r i t y  was e l e c t r o l y z e d  f o r  12 h o u r s  a t  45° C  a n d  a c u r r e n t  

d e n s i t y  o f  4 0  m A /cm  . T h e  a m o u n t  o f  g l u e  a d d e d  t o  t h e  s o l u t i o n  was 

v a r i e d  a n d  t h e  r e s u l t s  a r e  sh ow n  i n  F i g u r e  9 .  T h e  c u r r e n t  e f f i c i e n c y  

i s  i n i t i a l l y  i n c r e a s e d  b y  a d d in g  g l u e  t o  t h e  s o l u t i o n ,  b u t  a p o i n t  i s  

f i n a l l y  r e a c h e d  w h e r e  f u r t h e r  a d d i t i o n  o f  g l u e  c a u s e s  a d e c r e a s e  i n  

c u r r e n t  e f f i c i e n c y  t o  o c c u r .  F o r  g e r m a n iu m ,  t h i s  o c c u r r e d  a f t e r  13  

m g /1  (p p m )  g l u e  h a d  b e e n  a d d e d .  F o r  a n t i m o n y  o f  a c o m p a r a b le  c o n c e n ­

t r a t i o n  l e v e l ,  a p p r o x i m a t e l y  25 m g/1  w e r e  r e q u i r e d .  S in c e  t h e  i n t e r ­

a c t i o n  o f  c o b a l t  w i t h  g l u e  i s  s m a l l e r ,  e v e n  l e s s  g l u e  w o u ld  be 

r e q u i r e d  t o  r e a c h  an  o p t im u m  l e v e l  o f  g l u e  a d d i t i o n .  Th e  r e s u l t s  

p o i n t  o u t  t h a t  i t  i s  v e r y  i m p o r t a n t  t o  know  t h e  c o m p o s i t i o n  o f  t h e  

s o l u t i o n  i f  o n e  i s  t o  a d d  t h e  p r o p e r  a m o u n t  o f  o r g a n i c  a g e n t  t o  c o u n ­

t e r a c t  t h e  d e l e t e r i o u s  e f f e c t s  o f  t h e  i m p u r i t i e s .  R e c e n t  s t u d i e s  

h a v e  i n d i c a t e d  t h a t  b a l a n c i n g  i m p u r i t y  c o n t e n t  w i t h  g l u e  b y  u s i n g  

c y c l i c  v o l t a m m e t r y  i s  q u i t e  f e a s i b l e  ( 1 7 - 1 9 , 4 3 ) .  O t h e r  i n v e s t i g a t o r s  

h a v e  d e t e r m i n e d  t h e  a m o u n t  o f  a c t i v e  g l u e  i n  s o l u t i o n  b y  m e a s u r in g  

e l e c t r o d e  p o l a r i z a t i o n  b e f o r e  a n d  a f t e r  a s o l u t i o n  i s  b r o u g h t  t o  a 

t e m p e r a t u r e  w h e r e  t h e  g l u e  d e g r a d e s  t o  i n a c t i v e  h y d r o l y s i s  p r o d u c t s  

( 4 9 , 5 0 ) .  F u r t h e r  s t u d i e s  a r e  n e e d e d  i n  t h i s  a r e a  b e c a u s e  o n l y  an 

o p t im u m  c o n c e n t r a t i o n  o f  g l u e  w i l l  y i e l d  t h e  m ax im um  c u r r e n t  

e f f i c i e n c y .

T h e  i n t e r a c t i o n  o f  t h e  g l u e  w i t h  t h e  v a r i o u s  i m p u r i t i e s  i s  l e s ­

s e n e d  w h e n  e i t h e r  t h e  t e m p e r a t u r e  o r  t h e  a c i d  c o n t e n t  i s  i n c r e a s e d .  

T h i s  i s  i n d i c a t e d  b y  t h e  t h r e e  f a c t o r  i n t e r a c t i o n  e f f e c t s  c a l c u l a t e d  

f r o m  t h e  s t a t i s t i c a l  s t u d y .  The  t e r n a r y  f a c t o r s  f o r  t h e  i n t e r a c t i o n  

o f  t e m p e r a t u r e ,  g l u e ,  a n d  i m p u r i t y  a r e  - 4 . 5 2 5  f o r  c o b a l t ,  - 3 . 1 0 0  f o r  

g e r m a n iu m ,  an d  - 2 . 5 0 6  f o r  a n t i m o n y .  Th e  w a y  t h e  f a c t o r s  v a r y  i s



29

( m g / 1 )  G l u e

F i g u r e  9 .  C u r r e n t  E f f i c i e n c y  v s  G lu e  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65 g/ l  Zn,

10 0  g/ l  H2S 0 4 a n d  C o n s t a n t  A m o u n ts  o f  I m p u r i t y  

A d d i t i o n .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 .
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e n t i r e l y  c o n s i s t e n t  w i t h  t h e  s t r e n g t h  o f  t h e  s i m p l e  g l u e - i m p u r i t y  i n ­

t e r a c t i o n s .  C o b a l t ,  w h i c h  w as  f o u n d  t o  i n t e r a c t  o n l y  m i l d l y  w i t h  

g l u e  h a s  t h e  b i g g e s t  t e r n a r y  f a c t o r .  T e m p e r a t u r e  a p p a r e n t l y  a f f e c t s  

t h e  s t r o n g e r  i n t e r a c t i o n s  o f  g l u e  w i t h  i m p u r i t y  t o  a l e s s e r  e x t e n t .  

S i n c e  t h e  a c t i o n  o f  g l u e  i s  l e s s e n e d  b y  i n c r e a s i n g  t h e  t e m p e r a t u r e  

a n d  a c i d ,  m o re  g l u e  may n e e d  t o  be  a d d e d  t o  t h e  e l e c t r o l y t e  t o  o b t a i n  

t h e  d e s i r e d  r e s u l t s .

I n t e r a c t i o n s  Among I m p u r i t i e s  I n t e r a c t i o n s  among i m p u r i t i e s  a r e  

f r e q u e n t l y  i m p o r t a n t  f r o m  a p l a n t  o p e r a t o r ' s  v i e w p o i n t .  F r e q u e n t l y ,  

l e v e l s  o f  i m p u r i t i e s  w h ic h  do  n o t  e x h i b i t  a n  e f f e c t  w hen  p r e s e n t  a l o n e  

be cam e i n t o l e r a b l e  w hen  j u s t  s m a l l  a m o u n ts  o f  a n o t h e r  i m p u r i t y  a r e  

i n t r o d u c e d .  T h e  f a c t o r i a l  d e s i g n  i n d i c a t e d  some c o m b i n a t i o n s  w h ic h  

e x h i b i t  t h i s  t y p e  o f  s y n e r g i s m .

A n t im o n y  i n t e r a c t i o n s  w i t h  c o b a l t  a n d  a r s e n i c  w e r e  f o u n d  t o  be 

i n s i g n i f i c a n t ,  b u t  t h i s  may b e  m i s l e a d i n g  b e c a u s e  t h e  e l e c t r o l y t e  

u s e d  i n  t h e  s t u d y  a lw a y s  h a d  a r e s i d u a l  l e v e l  o f  g l u e  a n d  t h e  i n t e r ­

a c t i o n  o f  a n t i m o n y  w i t h  g l u e  i s  e x t r e m e l y  i m p o r t a n t  i n  d e t e r m i n i n g  

t h e  o v e r a l l  e f f e c t s  o f  a n t i m o n y .  I n  a s o l u t i o n  c o n t a i n i n g  n o  g l u e ,  

a d e t r i m e n t a l  i n t e r a c t i o n  b e tw e e n  c o b a l t  a n d  a n t im o n y  a p p e a r s  t o  

e x i s t  a n d  t h e  c o m b i n a t i o n  c a u s e d  t h e  c u r r e n t  e f f i c i e n c y  t o  d r o p  d r a s ­

t i c a l l y .  T h i s  i s  sh ow n i n  F i g u r e  1 0 .  O t h e r  i n v e s t i g a t o r s  r e p o r t  

s i m i l a r  r e s u l t s  ( 5 6 ) .  H o w e v e r ,  i n  t h e  p r e s e n c e  o f  g l u e ,  a n t im o n y  

a d d i t i o n s  a p p e a r  t o  l e a d  t o  im p r o v e d  c u r r e n t  e f f i c i e n c i e s  w hen  t h e  

e l e c t r o l y t e  c o n t a i n s  o t h e r  i m p u r i t i e s  s u c h  a s  c o b a l t  a n d  g e r m a n iu m .  

S e v e r a l  i n d e p e n d e n t  s t u d i e s  h a v e  c o n f i r m e d  t h i s  b e h a v i o r  ( 5 , 8 , 2 7 , 3 7 ) .  

T h e  c a l c u l a t e d  f a c t o r  e f f e c t s  i n d i c a t e  t h a t  t h e  i n t e r a c t i o n  o f  a c i d  

w i t h  o t h e r  i m p u r i t i e s  i s  l e s s  i n  t h e  p r e s e n c e  o f  a n t i m o n y .  The
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( m g / 1 )  C o b o l t

F i g u r e  1 0 .  C u r r e n t  E f f i c i e n c y  v s  C o b a l t  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65  g/ l  Zn an d  

1 0 0  g/ l  H2S0.* W i t h  an d  W i t h o u t  28  pp b  S b .

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 .
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G e rm a n iu m  sh ow s a s m a l l  d e t r i m e n t a l  i n t e r a c t i o n  w i t h  a n t i m o n y  

( - 2 . 7 0 3 ) ,  b u t  t h i s  may b e  o u t w e ig h e d  b y  t h e  b e n e f i c i a l  e f f e c t s  o f  

h a v i n g  some a n t im o n y  i n  t h e  s o l u t i o n  i n  t h e  p r e s e n c e  o f  g l u e .  G e rm a ­

n iu m  sh o w s  no  d i s t i n g u i s h a b l e  i n t e r a c t i o n  w i t h  c o b a l t  a n d  F i g u r e  11 

t e n d s  t o  c o n f i r m  t h i s .  Some b e n e f i c i a l  i n t e r a c t i o n  may e x i s t  b e tw e e n  

a r s e n i c  a n d  g e r m a n iu m  a s  i n d i c a t e d  b y  t h e  c a l c u l a t e d  f a c t o r  e f f e c t  

f o r  t h i s  c o m b i n a t i o n  ( 3 . 7 4 4 ) .

C o b a l t  s h o w e d  a v e r y  l a r g e  i n t e r a c t i o n  w i t h  a r s e n i c  ( - 6 . 3 3 1 ) .  

P r o c e s s e s  w h i c h  h a v e  h i g h  l e v e l s  o f  a r s e n i c  i n  s o l u t i o n  w i l l  t h u s  be 

a b l e  t o  t o l e r a t e  o n l y  l o w  l e v e l s  o f  c o b a l t .  T h i s  was c o n f i r m e d  b y  

e l e c t r o l y z i n g  a s o l u t i o n  c o n t a i n i n g  4 m g /1  Co a n d  8 0  pp b  A s .  When 

e i t h e r  i m p u r i t y  w as  a l o n e  i n  t h e  e l e c t r o l y t e ,  c u r r e n t  e f f i c i e n c i e s  

g r e a t e r  t h a n  94% w e r e  o b t a i n e d ,  b u t  f o r  t h e  c o m b i n a t i o n  t h e  c u r r e n t  

e f f i c i e n c y  w as  4 1 .7 % .  T h e  HaSOi* c o n c e n t r a t i o n  w as  10 0  g /1  f o r  t h i s  

t e s t  ( T  = 4 5 ° C ;  CD = 4 0  m a /c m 2 ) .  H i g h e r  a c i d  l e v e l s  may i n c r e a s e  t h e  

e f f e c t  a s  b o t h  c o b a l t  a n d  a r s e n i c  w e r e  f o u n d  t o  be  q u i t e  s e n s i t i v e  t o  

t h e  a c i d  c o n t e n t  o f  t h e  s o l u t i o n .  I n  f a c t ,  a t e r n a r y  i n t e r a c t i o n  

e f f e c t  e q u a l  t o  - 3 . 0 4 1  w a s  c a l c u l a t e d  f o r  t h e  c o m b i n a t i o n  o f  a c i d ,  

c o b a l t ,  a n d  a r s e n i c .

T h e  s t a t i s t i c a l  f a c t o r  f o r  t h e  i n t e r a c t i o n  o f  g l u e  w i t h  a c i d  a n d  

a r s e n i c  ( - 3 . 6 4 1 )  i n d i c a t e s  t h a t  t h e  p r e s e n c e  o f  a r s e n i c  u n d e r  c o n d i ­

t i o n s  o f  i n c r e a s e d  a c i d  a n d  t e m p e r a t u r e  may l e s s e n  t h e  b e n e f i c i a l  

e f f e c t s  o f  t h e  a d d i t i o n  a g e n t .  T h e  p r e s e n c e  o f  a r s e n i c  a l s o  w e a k e n s  

t h e  i n t e r a c t i o n  o f  g l u e  w i t h  c o b a l t .

a n t i mo n y  ma y  i n t e r a c t  wi t h  g l u e  a t  t he  c a t h o d e  t o  c a u s e  mo r p h o l o g i c a l

c h a n g e s  wh i c h  l e a d  t o  mo r e  u n i f o r m d e p o s i t s  a n d  t o  l es s  l oc a l  c e l l

c o r r o s i o n  o f  t h e  z i n c  d e p o s i t  ( 17- 19) .
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0  Z O  4 0  6 0  8 0  1 0 0

( p p b )

F i g u r e  1 1 .  C u r r e n t  E f f i c i e n c y  v s  G e rm a n iu m  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65  g / l  Zn an d  

1 0 0  g / £  H2S 0 i» W i t h  a n d  W i t h o u t  5 mgH  C o .

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 .
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Sum m ary  o f  t h e  R e s u l t s  T h e  s t a t i s t i c a l  a n a l y s i s  sh ow s t h a t  t h e  

a c i d  l e v e l  i s  t h e  m o s t  c r i t i c a l  o f  t h e  f a c t o r s  c o n s i d e r e d .  C o b a l t  

l e v e l ,  t e m p e r a t u r e ,  a n t im o n y  c o n c e n t r a t i o n ,  g e rm a n iu m  c o n c e n t r a t i o n ,  

a n d  a r s e n i c  c o n c e n t r a t i o n  a r e  t h e  n e x t  c r i t i c a l  f a c t o r s  i n  d e c r e a s ­

i n g  t h e  c u r r e n t  e f f i c i e n c y .  G lu e  a d d i t i o n  i s  o f  some b e n e f i t  i n  

i n c r e a s i n g  t h e  c u r r e n t  e f f i c i e n c y  a n d  t h i s  i s  e s p e c i a l l y  t r u e  f o r  

s o l u t i o n s  c o n t a i n i n g  s i g n i f i c a n t  l e v e l s  o f  a n t im o n y  a n d  g e r m a n iu m .  

G lu e  i n t e r a c t s  l e s s  s t r o n g l y  w i t h  c o b a l t  a n d  a r s e n i c .  D e l e t e r i o u s  

i n t e r a c t i o n  b e tw e e n  c o b a l t  a n d  a r s e n i c  a p p e a r s  t o  e x i s t  a n d  i n c r e a s e s  

i n  s e v e r i t y  as  t h e  a c i d  c o n c e n t r a t i o n  i s  i n c r e a s e d .  M o s t  o f  t h e  com ­

b i n e d  i n t e r a c t i o n s  w i t h  t e m p e r a t u r e  a r e  d e t r i m e n t a l .  The  m e th o d  o f  

a n a l y s i s  e m p lo y e d  i n  t h i s  s t u d y  i l l u s t r a t e s  w h i c h  c o m b i n a t i o n s  t o  

a v o i d  a n d  i n d i c a t e s  some o f  t h e  f a c t o r s  w h i c h  c a n  be  u s e d  t o  c o n t r o l  

t h e  p r o c e s s .  I t  a l s o  i n d i c a t e s  w h i c h  f a c t o r s  w a r r a n t  c l o s e r  

e x a m i n a t i o n .

D e v e lo p m e n t  o f  t h e  S t a t i s t i c a l  M o d e l

I n  a d d i t i o n  t o  i l l u s t r a t i n g  t h e  im p o r t a n c e  o f  t h e  v a r i o u s  f a c ­

t o r s ,  t h e  s t a t i s t i c a l  d e s i g n  p e r m i t s  d e v e lo p m e n t  o f  a m o d e l w h i c h  

c a n  be  u s e d  t o  p r e d i c t  t h e  c u r r e n t  e f f i c i e n c y  a t  o t h e r  l e v e l s  o f  t h e  

v a r i a b l e s .  U s in g  t h e  c a l c u l a t e d  f a c t o r  e f f e c t s  a n d  c o d e d  v a l u e s  o f  

t h e  v a r i a b l e s  o f  t h e  f a c t o r i a l  d e s i g n ,  a m o d e l o f  t h e  f o r m :

CE = a Q +  a i X i  + a 2x 2 +  . . .  + a x  + a i 2X i X 2 +  . . .
H r

+  a „  „  x „  x „  + h i g h e r  o r d e r  i n t e r a c t i o n s ;
p - i . p  p - i  p s

CE = p r e d i c t e d  c u r r e n t  e f f i c i e n c y  

x -  = c o d e d  f a c t o r s  f o r  t h e  s y s te m
J
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Tabl e  V.  Coded Fact or s Used i n t he Model .

Fact or Symbol Coded Fact or

Temper at ur e t X
r

i­

ll t - 40

5

HaSOi t  Concent r a t i on a
xa "

a - 1 5 0
50

Ge Concent r at i on 9
x g  =

g- 20

Sb Concent r at i on s
x s =

s- 13

~ W

Co Concent r at i on c
xc =

c- 1. 2

1. 2

As Concent r a t i on r
x r  =

r - 20

20

Gl ue  Concent r at i on 0
xo =

o- 13

~ T ~

Uni t s:  t  = ° C 

a = g/ 1 

g, s , r  = ppb

c, o = ppm
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a
J

= 0 . 5  ( f a c t o r  e f f e c t  f o r  x . )
J

= 0 . 5  ( i n t e r a c t i o n  e f f e c t  f o r  x . x . , )
J J

8q  = mean r e s p o n s e  f o r  t h e  s y s te m

w as o b t a i n e d .  T h e  v a l u e s  f o r  t h e  c o d e d  f a c t o r s  f o r  t h e  p r e s e n t  s y s te m  

a p p e a r  i n  T a b l e  V .

U s in g  t h e  m o d e l ,  c a l c u l a t e d  c u r r e n t  e f f i c i e n c y  v a l u e s  w e r e  

o b t a i n e d  f o r  t h e  v a l u e s  o f  t h e  f a c t o r s  u s e d  i n  t h i s  s t u d y .  F i g u r e  12 

c o m p a r e s  t h e  c a l c u l a t e d  c u r r e n t  e f f i c i e n c y  a n d  t h a t  o b t a i n e d  e x p e r i ­

m e n t a l l y .  T h e  f i t  o f  t h e  m o d e l i s  q u i t e  g o o d  an d  a n  " F "  t e s t  s h o w e d  

t h a t  t h e  v a r i a b i l i t y  b e tw e e n  t h e  p r e d i c t e d  a n d  e x p e r i m e n t a l  c u r r e n t  

e f f i c i e n c i e s  i s  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r  o f  t h e  s y s t e m .

I n  o r d e r  t o  t e s t  t h e  d e g r e e  o f  c u r v a t u r e  t h a t  e x i s t s  f o r  t h e  

e x p e r i m e n t a l  s y s t e m ,  t h i r t e e n  c e n t e r  p o i n t  t e s t s  w e r e  c o n d u c t e d .  The  

c o n d i t i o n s  e m p lo y e d  f o r  t h e  c e n t e r  p o i n t  t e s t s  w e r e  h a l f - w a y  b e tw e e n  

t h e  h i g h  a n d  lo w  l e v e l s  a s  l i s t e d  i n  T a b le  I .  T h e  a v e r a g e  o f  t h e  

c e n t e r  p o i n t s  was 7 9 . 3 .  T h e  mean c u r r e n t  e f f i c i e n c y  f o r  t h e  f a c t o r i a l  

s t u d y  was 5 8 . 9 9 .  A c u r v a t u r e  t e s t  u s i n g  t h e s e  v a l u e s  i n d i c a t e s  t h a t  

s i g n i f i c a n t  c u r v a t u r e  e x i s t s  f o r  t h e  s y s t e m .  T h i s  m eans  t h a t  t h e  

m o d e l w i l l  n o t  f i t  a s  w e l l  f o r  v a l u e s  o f  t h e  v a r i a b l e s  w h i c h  a r e  d i f ­

f e r e n t  t h a n  t h o s e  e m p lo y e d  i n  t h e  s t u d y .

O t h e r  t e s t s  w e r e  c o n d u c t e d  a t  c o n d i t i o n s  i n t e r m e d i a t e  b e tw e e n  

t h o s e  e m p lo y e d  i n  t h e  f a c t o r i a l  s t u d y .  Th e  c o n d i t i o n s  an d  c a l c u l a t e d  

a n d  e x p e r i m e n t a l  c u r r e n t  e f f i c i e n c y  v a l u e s  o b t a i n e d  a r e  l i s t e d  i n  

T a b le  V I .  A c o m p a r i s o n  o f  t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  v a l u e s  i n d i  

c a t e s  t h a t  t h e  m o d e l  d o e s  n o t  f i t  a s  w e l l  a s  i n  t h e  c a s e  o f  t h e  e x p e r i  

m e n t a l  d e s i g n .  A b e t t e r  m o d e l w o u ld  n e e d  t o  be c o n s i d e r e d .  T h i s  

c o u l d  b e  d o n e  b y  u s i n g  a t h r e e  l e v e l  d e s i g n  o r  p e r h a p s  u s i n g  a f u l l
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Fi gur e 12.  Cal cul at ed Cur r ent  Ef f i ci ency vs Exper i ment al  Cur r ent  

Ef f i ci ency f or  Resul t s of  t he Fact or i al  Desi gn.



Tabl e VI .  C o m p a r is o n  of  Cal cul a t ed and Exper i ment a l l y  Obt a i ned Cur r ent  Ef f i ci enci es  

f or  Ot her  Fact or  Level s.

Temp.

° C

Aci d

Cone.

GPL

Ger mani um

Cone.

PPb

Ant i mony

Cone.

PPb

Cobal t

Cone.

PPM

Ar seni c

Cone.

PPb

Gl ue

Cone.

PPM

% CE,  

Exp.

% CE,  

Cal c.

42. 2 175 30 13 2. 4 50 10 0. 5 16. 6

42. 2 125 60 13 0. 8 20 15 85. 9 59. 2

42. 2 150 0 0 4. 0 40 0 13. 3 19. 2

42. 2 150 0 0 4. 0 0 0 78. 0 45. 9

42. 2 100 0 0 0 0 0 93. 2 94. 5

42. 2 150 0 0 0 0 0 92. 8 84. 4

CO
00
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r e s p o n s e  s u r f a c e  s u c h  a s  t h e  B o x - B e h n k e n  ( 5 1 )  d e s i g n  o r  t h e  m o re  e l a b ­

o r a t e  B o x - W i l s o n  ( 5 2 )  d e s i g n .  Th e  f a c t o r i a l  d e s i g n  u s e d  i n  t h i s  s t u d y  

i n d i c a t e s  w h a t  t h e  c r i t i c a l  p r o c e s s  p a r a m e t e r s  a n d  i n t e r a c t i o n s  a r e .  

O nce  t h e s e  a r e  k n o w n ,  o n e  c a n  t h e n  c h o o s e  t h e  p r o p e r  r e s p o n s e  s u r f a c e  

d e s i g n .  The  t e c h n i q u e  c a n  a l s o  be  u s e d  t o  e l i m i n a t e  f a c t o r s  w h i c h  a r e  

f o u n d  t o  b e  i n s i g n i f i c a n t  a n d  t o  d e v e l o p  f u r t h e r  s t u d i e s  w h i c h  w o u ld  

c o n s i d e r  a d d i t i o n a l  v a r i a b l e s  w i t h  t h o s e  f o u n d  t o  be s i g n i f i c a n t .

F o r  t h e  p r e s e n t  s y s t e m ,  t h e  e f f e c t s  o f  t i m e  a n d  c u r r e n t  d e n s i t y  

w e r e  n o t  m e a s u r e d .  A f u t u r e  s t u d y  u s i n g  t h i s  t e c h n i q u e  an d  t h e s e  a d ­

d i t i o n a l  v a r i a b l e s  m ay be u s e f u l  b e c a u s e  some i m p u r i t i e s  s u c h  as 

c o b a l t  o f t e n  h a v e  i n d u c t i o n  p e r i o d s  a s s o c i a t e d  w i t h  t h e i r  e f f e c t s  

( 2 7 , 3 0 ) .

O v e r a l l ,  t h e  f a c t o r i a l  s t u d y  a n d  t h e  a d d i t i o n a l  s u p p o r t i n g  t e s t s  

w e r e  u s e f u l  i n  d e t e r m i n i n g  t h e  i m p o r t a n t  v a r i a b l e s  an d  i n t e r a c t i o n s  

t h a t  e x i s t  f o r  t h e  s y s t e m .  The m o d e l o b t a i n e d  f i t s  t h e  d e s i g n  v a l u e s  

q u i t e  w e l l ,  b u t  u n f o r t u n a t e l y ,  d o e s  n o t  f i t  as  w e l l  a t  o t h e r  v a l u e s .  

F u t u r e  t e s t s  u s i n g  t h r e e  l e v e l s  w o u ld  a l l o w  o t h e r  m o d e ls  t o  be  d e r i v e d  

w h i c h  w o u ld  f i t  a w i d e r  r a n g e  o f  f a c t o r  l e v e l s .

De po s i t  Mo r p ho l o g i es

Th e  m o r p h o l o g i e s  a n d  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  o f  t h e  z i n c  

d e p o s i t s  w e r e  d e t e r m i n e d  b y  t h e  u s e  o f  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  

a n d  x - r a y  d i f f r a c t i o n .  D e p o s i t s  w e r e  o b t a i n e d  f r o m  s o l u t i o n s  c o n t a i n ­

i n g  t h e  b a s e  e l e c t r o l y t e  ( 6 5  g /1  Zn a n d  1 0 0  g /1  H2S O O  a n d  v a r i o u s  a d ­

d i t i o n  a g e n t s .  The  c u r r e n t  d e n s i t y  a n d  t e m p e r a t u r e  w e r e  m a i n t a i n e d  a t  

4 0  m A /c m 2 a n d  4 5 ° C ,  r e s p e c t i v e l y .  D i s t i n c t  c h a n g e s  i n  c r y s t a l l o ­

g r a p h i c  o r i e n t a t i o n  a n d  d e p o s i t  m o r p h o lo g y  w e r e  o b s e r v e d  f o r  e v e n  lo w  

l e v e l s  o f  a d d i t i o n  a g e n t .  Th e  v a r i o u s  t y p e s  o f  m o r p h o l o g i e s  o b t a i n e d



T a b l e  V I I .  Z i n c  D e p o s i t  C r y s t a l l o g r a p h i c  O r i e n t a t i o n s .

S u r f a c e  O r i e n t a t i o n

E l e c t r o l y t e  A d d i t i o n s ( 0 0 - 2 ) ( 1 0 - 1 )

( r a t i o  t o  ASTM S t a n d a r d ) *  

( 1 0 - 2 )  ( 1 0 - 3 )  ( 1 0 - 4 ) ( 1 0 - 2 ) ( 1 0 - 4 )

No A d d i t i o n 0 . 4 3 0 .9 1 0 . 8 9 1 . 4 3 0 . 9 4 0 . 5 2 1 . 4 4

( 2 0  -  1 0 0 )  pp b  A r s e n i c 0 . 2 2 1 . 0 1 . 7 6 1 . 3 2 1 . 1 7 1 . 4 5 1 . 9 3

( 2 - 8 0 )  ppm G lu e 0 1 . 0 0 . 6 8 0 . 8 3 0 0 . 4 6 0

( 7  -  6 5 )  p p b  A n t im o n y 1 . 8 9 0 . 2 3 0 . 3 2 1 . 1 4 1 . 6 7 0 . 2 2 0 . 8 9

(1 -  1 0 )  ppm C o b a l t 1 . 2 3 0 . 7 2 0 . 9 6 1 . 6 6 1 . 7 0 0 . 6 2 1 . 9 8

( 1 0  -  1 0 0 )  p p b  G e rm a n iu m 1 . 8 9 0 .2 1 0 . 4 5 0 . 8 4 1 .5 1 0 . 3 2 1 .0 5

100 pp b  Ge & 6 ppm G lu e 0 .2 1 0 . 5 8 3 . 5 7 2 . 2 8 1 . 3 3 0 . 3 9 1 . 2 7

100  pp b  Ge & 10 ppm G lu e 0 . 0 6 0 . 3 2 3 . 5 7 1 . 1 2 0 . 3 3 0 . 4 3 0 . 6 4

100  pp b  Ge & 13  ppm G lu e 0 1 . 0 0 . 7 9 0 . 2 8 0 1 . 0 1 . 0

100  p p b  Ge & 18 ppm G lu e 0 1 . 0 2 . 0 4 0 . 4 8 0 3 . 3 0 1 . 1 8

100 p p b  Ge & 21 ppm G lu e 0 1 . 0 1 . 6 4 0 . 1 2 0 1 . 5 2 0 . 4 6

E l e c t r o l y t i c  C o n d i t i o n s :  65  g / l  Z n ;  10 0  g/ l  H2S0.*;  

* ( 0 0 - 2 )  5 3 ;  ( 1 0 - 1 )  1 0 0 ;  ( 1 0 - 2 )  2 8 ;  ( 1 0 - 3 )  2 5 ;  ( 1 0 - 4 )

4 5 ° C ;  40  m A /cm 2 

3 ;  ( 1 1 - 2 )  2 3 ;  ( 1 1 - 4 ) 1 1 .
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a r e  i l l u s t r a t e d  i n  F i g u r e s  1 3 - 2 1 .  T h e  c h a r a c t e r i s t i c  o r i e n t a t i o n s  a p ­

p e a r  i n  T a b l e  V I I .

A d d i t i o n - f r e e  E l e c t r o l y t e  F i g u r e  13 sh ow s  t h e  t y p i c a l  m o r p h o lo g y  

o f  t h e  z i n c  d e p o s i t s  o b t a i n e d  f r o m  a d d i t i o n - f r e e  e l e c t r o l y t e s .  Th e  

m o r p h o lo g y  i s  q u i t e  s i m i l a r  t o  t h a t  o b t a i n e d  b y  o t h e r  i n v e s t i g a t o r s  

u s i n g  p u r i f i e d  e l e c t r o l y t e s  ( 1 9 ) .  T h e  c h a r a c t e r i s t i c  o r i e n t a t i o n  o f  

t h e s e  d e p o s i t s  w e r e  g e n e r a l l y  ( 1 0 * 3 ) ,  ( 1 1 - 4 ) ,  b u t  o t h e r  o r i e n t a t i o n s  

h a v e  some s i g n i f i c a n c e .  The  p l a t e l e t s  a r e  g r o w i n g  a t  v a r i o u s  a n g l e s  

t o  t h e  s u b s t r a t e  a n d  t h e  g r o w t h  mode i s  g e n e r a l l y  m ix e d .

A r s e n i c - C o n t a i n i n g  S o l u t i o n s  F o r  s o l u t i o n s  c o n t a i n i n g  up t o  0 .1  

m g /1  a r s e n i c ,  t h e  m o r p h o lo g y  o f  t h e  d e p o s i t  was q u i t e  s i m i l a r  t o  t h a t  

o b t a i n e d  f o r  t h e  n o - a d d i t i o n  d e p o s i t .  T h e  c r y s t a l l o g r a p h i c  o r i e n t a ­

t i o n s  a n d  p l a t e l e t  s i z e  a r e  a l s o  q u i t e  s i m i l a r .  F i g u r e  14 sh ow s  a 

t y p i c a l  d e p o s i t .  I t  w o u ld  a p p e a r  t h a t  t h e  a r s e n i c  h a d  l i t t l e  i n f l u ­

e n c e  u n d e r  t h e  c o n d i t i o n s  e m p lo y e d .  The c u r r e n t  e f f i c i e n c i e s  f o r  t h e  

lo w  a c i d  s o l u t i o n s  c o n t a i n i n g  a r s e n i c  w e r e  c o n s i s t e n t l y  q u i t e  h i g h .

A t  h i g h e r  a c i d  l e v e l s ,  t h e  i n t e r a c t i o n s  o f  a r s e n i c  w e r e  f o u n d  t o  be 

m o re  s e v e r e  a n d  c h a n g e s  i n  t h e  m o r p h o lo g y  may r e s u l t .

S o l u t i o n s  C o n t a i n i n g  G lu e  M a rk e d  c h a n g e s  i n  p l a t e l e t  s i z e ,  m o r ­

p h o l o g y  a n d  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  w e r e  f o u n d  f o r  d e p o s i t s  

o b t a i n e d  f r o m  g l u e - c o n t a i n i n g  e l e c t r o l y t e s .  Gum a r a b i c  g a v e  s i m i l a r  

r e s u l t s .  T h e  c r y s t a l l i t e  s i z e  was m a r k e d l y  d e c r e a s e d  a n d  t h e  p l a t e ­

l e t s  be ca m e s m a l l e r  as  m o re  g l u e  w a s  a d d e d  t o  t h e  s o l u t i o n .  A t  h i g h  

g l u e  l e v e l s ,  t h e  z i n c  seem ed t o  g r o w  i n  c o l o n i e s  a n d  t h e  h i g h  g l u e  

d e p o s i t s  w e r e  o f t e n  q u i t e  b r i t t l e .  T h e  d o m in a n t  f e a t u r e  f o r  t h e  g l u e  

t y p e  o f  d e p o s i t s  i s  t h e  a p p e a r a n c e  o f  z i n c  p l a t e l e t  e d g e s ,  w i t h  t h e  

b a s a l  p l a n e s  l y i n g  p e r p e n d i c u l a r  t o  t h e  e l e c t r o d e  s u r f a c e .
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F i g u r e  1 3 .  D e p o s i t  O b t a i n e d  f o r  a N o - a d d i t i o n  E l e c t r o l y t e .  T = 4 5 ° C ,  

C u r r e n t  D e n s i t y  = 40 m A /cm 2 . ( lO O O x )

Fi g u r e  14.  De p o s i t  Ob t a i n e d  f o r  El e c t r o l y t e  Co n t a i n i n g  0. 1 mg / £  A s .

T = 4 5 ° C;  Cu r r e n t  De n s i t y  = 40  mA/ c m2 . ( l OOOx )
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O u tw a r d  g r o w t h  o f  t h e  d e p o s i t s  seems t o  be  p r e d o m in a n t  a n d  t h e  c r y s ­

t a l l o g r a p h i c  o r i e n t a t i o n  o b t a i n e d  i s  h i g h l y  p r e f e r r e d  ( 1 C M ) .  A t  

v e r y  h i g h  l e v e l s  o f  g l u e  some ( 1 1 - 0 )  b e g i n s  t o  a p p e a r .  Th e  r e s u l t s  

a r e  q u i t e  c o n s i s t e n t  w i t h  t h o s e  o b t a i n e d  b y  o t h e r  i n v e s t i g a t o r s  

( 1 7 - 1 9 ) .

Th e  a d d i t i o n  o f  g l u e  t o  t h e  a d d i t i o n - f r e e  e l e c t r o l y t e  a l s o  d e ­

c r e a s e s  t h e  c u r r e n t  e f f i c i e n c y .  I n v e s t i g a t o r s  a t t r i b u t e  t h i s  t o  t h e  

i n h i b i t i o n  o f  b o t h  z i n c  an d  h y d r o g e n  d i s c h a r g e  b y  g l u e  a d s o r p t i o n  

w i t h  t h e  f o r m e r  b e in g  i n h i b i t e d  t o  a h i g h e r  d e g r e e  ( 5 3 , 5 4 ) .  T h e  a d ­

s o r p t i o n  o f  g l u e  a l s o  c a u s e s  m o re  n u c l e a t i o n  a n d  h i n d e r s  c r y s t a l l i n e  

g r o w t h  r e s u l t i n g  i n  a f i n e r - g r a i n e d ,  m o re  u n i f o r m  d e p o s i t .  T h e  o v e r ­

v o l t a g e  o f  z i n c  d e p o s i t i o n  f r o m  e l e c t r o l y t e s  c o n t a i n i n g  o r g a n i c  a d d i ­

t i v e s  h a s  b e e n  f o u n d  t o  be  h i g h e r  t h a n  t h a t  o b t a i n e d  f r o m  a d d i t i o n -  

f r e e  e l e c t r o l y t e s  ( 1 7 - 1 9 ) .  I n c r e a s e d  p o l a r i z a t i o n  f a v o r s  i n c r e a s e d  

n u c l e a t i o n ,  w h i c h  r e s u l t s  i n  a f i n e r  c r y s t a l l i t e  s i z e .  F i g u r e  15 

sh o w s  t h e  c h a r a c t e r i s t i c  m o r p h o lo g y  f o r  t h e  o r g a n i c  a d d i t i o n  a g e n t s .

I n  g e n e r a l ,  u n i f o r m  d e p o s i t s  w e r e  o b t a i n e d  f o r  s o l u t i o n s  c o n ­

t a i n i n g  g l u e .  T h i s  u n f o r m i t y  may h i n d e r  t h e  f o r m a t i o n  o f  l o c a l  

c o r r o s i o n  c e l l s  w hen  i m p u r i t i e s  a r e  p r e s e n t  i n  t h e  e l e c t r o l y t e .

S o l u t i o n s  C o n t a i n i n g  A n t i m o n y ,  G e rm a n iu m ,  o r  C o b a l t  Th e  d e p o s i t s  

o b t a i n e d  f r o m  s o l u t i o n s  c o n t a i n i n g  t h e s e  i m p u r i t i e s  s h o w e d  m a r k e d  

s i g n s  o f  c o r r o s i o n  a t  t h e  h i g h e r  i m p u r i t y  c o n c e n t r a t i o n s .  N o t i c e a b l e  

p i t t i n g  o f  t h e  d e p o s i t  o c c u r r e d  i n  a l l  t h r e e  c a s e s .  D e n d r i t e  a n d  

n o d u l a r  g r o w t h  w e r e  a l s o  q u i t e  e v i d e n t  f o r  s o l u t i o n s  c o n t a i n i n g  a n t i ­

m o n y .  F i g u r e s  1 6 - 1 8  sh ow  t h e  t y p e s  o f  m o r p h o lo g y  o b t a i n e d  f o r  t h e  

z i n c  d e p o s i t s .  T h e  p l a t e l e t  s i z e  was g e n e r a l l y  l a r g e r  t h a n  t h a t  

o b t a i n e d  f o r  t h e  d e p o s i t  f r o m  t h e  a d d i t i o n - f r e e  e l e c t r o l y t e  a n d  t h e
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F i g u r e  15

F i g u r e  16

. D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g  21 mg/ £  G lu e .  

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 . ( lO O O x )

. De p o s i t  Ob t a i n e d  f o r  an  El e c t r o l y t e  Co n t a i n i n g  0 . 0 2 6  mg / £

Sb.  T = 45° C;  Cu r r e n t  De n s i t y  = 4 0  mA/ c m2 . ( l OOOx )



4 5

b a s a l  p l a n e s  o f  t h e  p l a t e l e t s  a p p e a r  t o  l i e  p a r a l l e l  t o  t h e  s u b s t r a t e  

s u r f a c e  a n d  e x h i b i t  l a t e r a l  g r o w t h .  T h e  d e p o s i t s  o b t a i n e d  f r o m  t h e  

a n t i m o n y  a n d  g e r m a n iu m  a n d  t o  a l e s s e r  e x t e n t  c o b a l t - b e a r i n g  e l e c t r o ­

l y t e s  e x h i b i t  h i g h l y  p r e f e r r e d  ( 0 0 - 2 ) ,  ( 1 0 * 4 ) ,  ( 1 0 - 3 )  o r i e n t a t i o n s .

T h i s  i s  i n  g e n e r a l  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  

( 1 9 , 5 5 ) .  T h e  d e p o s i t s  a r e  n o t  v e r y  u n i f o r m  a n d  d i f f e r e n c e s  i n  c r y s ­

t a l l i t e  h e i g h t  a r e  r e a d i l y  a p p a r e n t .  The  p l a t e l e t s  g e n e r a l l y  show  

r o u n d e d  e d g e s  a n d  g i v e  i n d i c a t i o n s  o f  some c o r r o s i o n .  T h e  i n c r e a s e  i n  

c r y s t a l l i t e  s i z e  i n d i c a t e s  a d e g r e e  o f  d e p o l a r i z a t i o n .  O t h e r  i n v e s t i ­

g a t o r s  h a v e  f o u n d  a c o r r e s p o n d e n c e  b e tw e e n  t h e  d e g r e e  o f  d e p o l a r i z a t i o n  

a n d  t h e  c r y s t a l l i t e  s i z e  ( 1 7 - 1 9 ) .  T h e  f o r m a t i o n  o f  h y d r i d e s  o r  l o c a l  

c e l l  a c t i o n  m ay c a u s e  d e p o l a r i z a t i o n  b y  p r o v i d i n g  an  a l t e r n a t i v e  p a t h  

f o r  h y d r o g e n  d i s c h a r g e .  S u r f a c e  r o u g h n e s s  i n c r e a s e s  t h e  p o s s i b i l i t y  o f  

l o c a l  c e l l  a c t i o n  a n d  t h e  m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  d e p o s i t s  

a r e  q u i t e  c o n s i s t e n t  w i t h  t h i s  m e c h a n is m  o f  i m p u r i t y  i n t e r a c t i o n .  

W h e th e r  t h e  l o c a l  c e l l  a c t i o n  i s  c a u s e d  b y  h y d r i d e  f o r m a t i o n  o r  b y  

h y d r o g e n  d e p o s i t i o n  o n  i m p u r i t y  s i t e s  n e e d s  f u r t h e r  i n v e s t i g a t i o n .

S o l u t i o n s  C o n t a i n i n g  G e rm a n iu m  a n d  G lu e  C o m b i n a t i o n s  Th e  d e p o s i t s  

o b t a i n e d  f o r  s o l u t i o n s  c o n t a i n i n g  0 .1 mg/ 1 g e r m a n iu m  a n d  i n c r e a s i n g  

g l u e  c o n t e n t s  e x h i b i t e d  c o n s i d e r a b l e  v a r i a t i o n  i n  o r i e n t a t i o n  an d  m o r ­

p h o l o g y  a s  t h e  g l u e  c o n t e n t  i n  t h e  e l e c t r o l y t e  w as  i n c r e a s e d .  F i g u r e s  

1 8 -2 1  s h o w  t h i s  v a r i a t i o n .  As m o re  g l u e  i s  a d d e d  t o  t h e  s o l u t i o n ,  t h e  

mode o f  p l a t e l e t  g r o w t h  be co m es  o u t w a r d .  I n i t i a l l y ,  t h e  b a s a l  p l a n e s  

o f  t h e  p l a t e l e t s  a r e  p a r a l l e l  t o  t h e  s u b s t r a t e ,  b u t  u p o n  i n c r e a s i n g  t h e  

g l u e  c o n t e n t ,  s i g n i f i c a n t  a n g u l a r i t y  a p p e a r s  a n d  a t  h i g h  g l u e  c o n c e n ­

t r a t i o n s  t h e  b a s a l  p l a n e s  a p p e a r  t o  be  o r i e n t e d  p e r p e n d i c u l a r l y  t o  t h e  

s u b s t r a t e .  T h e  c r y s t a l l i t e  s i z e  i s  s o m e w h a t  r e d u c e d  a n d  t h e  f a c e t i n g
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F i g u r e  1 7 .  D e p o s i t  O b t a i n e d  f o r  an E l e c t r o l y t e  C o n t a i n i n g  5 mg/£ .  Co . 

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40 m A /cm 2 . ( lO O O x )

Fi g u r e  18.  De p o s i t  Ob t a i n e d  f o r  an  El e c t r o l y t e  Co n t a i n i n g  0. 1 mg H  Ge.

T = 4 5° C;  Cu r r e n t  De n s i t y  = 40  mA/ c m2 . ( l OOOx )
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i s  m o re  d i s t i n c t  w i t h  i n c r e a s e d  g l u e  c o n c e n t r a t i o n .  T h i s  i s  an  i n d i ­

c a t i o n  o f  l e s s  c o r r o s i o n  o f  t h e  z i n c  d e p o s i t .  A t  lo w  g l u e  a d d i t i o n ,  

( 0 0 - 2 ) ,  ( 1 0 - 4 )  p r e f e r r e d  o r i e n t a t i o n s  p r e d o m i n a t e ,  b u t  a t  h i g h  g l u e  

l e v e l s  t h e  m o r p h o lo g y  a n d  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  a r e  v e r y  

s i m i l a r  t o  t h a t  o b t a i n e d  f o r  t h e  g l u e  o n l y  s o l u t i o n  ( ( 10 - 1 ) ,  ( 10 - 2 ) ,  

( 1 1 * 2 ) ) .

T h e  c o m b i n a t i o n  0 . 1  m g /1  Ge an d  13 m g/1  g l u e  was f o u n d  t o  h a v e  

t h e  b e s t  c u r r e n t  e f f i c i e n c y .  T h i s  b a la n c e d  c o m b i n a t i o n  o f  g l u e  an d  

g e rm a n iu m  r e s u l t e d  i n  a d e p o s i t  m o r p h o lo g y  q u i t e  l i k e  t h a t  o b t a i n e d  

f o r  t h e  n o - a d d i t i o n  s o l u t i o n .  I n c r e a s i n g  t h e  g l u e  c o n t e n t  s t i l l  f u r ­

t h e r  c a u s e d  some d e c r e a s e  i n  t h e  c u r r e n t  e f f i c i e n c y  a n d  a d e p o s i t  

m o r p h o lo g y  a n d  o r i e n t a t i o n  a p p r o a c h in g  t h o s e  o b t a i n e d  f o r  s o l u t i o n s  

c o n t a i n i n g  g l u e  a l o n e .  E x a m in a t i o n  o f  F i g u r e s  15 a n d  21 c o n f i r m s  

t h i s  t r e n d .

A p r a c t i c a l  i m p l i c a t i o n  o f  t h e s e  phe no m en a  may be t h e  d e t e r m i n a ­

t i o n  o f  t h e  o p t im u m  l e v e l  o f  g l u e  f o r  s o l u t i o n s  c o n t a i n i n g  v a r i o u s  

i m p u r i t y  c o n t e n t s  b y  m o n i t o r i n g  t h e  d e p o s i t  m o r p h o lo g y  an d  c r y s t a l l o ­

g r a p h i c  o r i e n t a t i o n s .  M o re  r e s e a r c h  i s  n e c e s s a r y  t o  d e t e r m i n e  i f  

t h i s  i s  p r a c t i c a l .  T h e  same t r e n d s  w e re  o b s e r v e d  f o r  a n t im o n y  and  

g l u e  c o m b i n a t i o n s .  O t h e r  i n v e s t i g a t o r s  h a v e  o b t a i n e d  s i m i l a r  

r e s u l t s  ( 1 7 - 1 9 ) .  I n  g e n e r a l ,  t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  a p p e a r  

t o  go  t h r o u g h  t h e  s e q u e n c e  ( 0 0 - 2 ) ,  ( 1 0 - 4 ) ,  ( 1 0 - 3 ) ,  ( 1 1 - 4 ) ,  ( 1 1 * 2 ) ,  

( 1 0 - 2 ) ,  ( 1 0 - 1 ) ,  ( 1 1 * 0 )  up on  i n c r e a s i n g  t h e  g l u e  c o n t e n t .  N e a r l y  t h e  

same t r e n d  ha s  b e e n  r e p o r t e d  b y  o t h e r  i n v e s t i g a t o r s  f o r  s t u d i e s  on 

a n t i m o n y - g l u e  c o m b i n a t i o n s  ( 1 9 ) ,  T h e s e  i n v e s t i g a t o r s  a l s o  c o n d u c t e d  

p o l a r i z a t i o n  s t u d i e s  a n d  f o u n d  t h a t  s i g n i f i c a n t  d e p o l a r i z a t i o n  was 

a s s o c i a t e d  w i t h  t h e  ( 00 - 2 ) o r i e n t a t i o n s  a n d  s i g n i f i c a n t  p o l a r i z a t i o n
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F i g u r e  1 9 .  D e p o s i t  O b t a i n e d  f o r  an E l e c t r o l y t e  C o n t a i n i n g  0 .1  mg/ l  Ge 

and  6 mgf t  G l u e .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40 m A /cm 2 . 

( lO O O x ) .

Fi g u r e  20.  De p o s i t  Ob t a i n e d  f o r  an El e c t r o l y t e  Co n t a i n i n g  0. 1 mg / l  Ge

a n d  13 mg / l  Gl ue .  T -  4 5 QC;  Cu r r e n t  De n s i t y  = 40  ma / c m2 .

( l OOOx )
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F i g u r e  2 1 .  D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g

0 .1  mg/ £  Ge a n d  21 m g /£  G lu e .  T = 4 5 ° C ;  C u r ­

r e n t  D e n s i t y  = 40  m A /cm 2 . ( lO O O x )
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f o r  t h e  ( 1 0 - 1 )  o r i e n t a t i o n s .  T h u s ,  t h e  o r i e n t a t i o n  may a l s o  i n d i c a t e  

t h e  d e g r e e  o f  p o l a r i z a t i o n  o f  t h e  c a t h o d e .

I n  s u m m a ry ,  c h a n g e s  i n  m o r p h o lo g y  a n d  c r y s t a l l o g r a p h i c  o r i e n t a ­

t i o n  w e r e  f o u n d  f o r  d e p o s i t s  f r o m  e l e c t r o l y t e s  c o n t a i n i n g  v a r i o u s  

a d d i t i o n s .  T h e  c o n c e n t r a t i o n  l e v e l s  w h i c h  c a u s e  t h e s e  c h a n g e s  a r e  

q u i t e  lo w  a n d  t h e  d i f f e r e n c e s  b e tw e e n  t h e  v a r i o u s  t y p e s  o f  d e p o s i t s  

a r e  o f t e n  q u i t e  p r o f o u n d .  S o l u t i o n s  c o n t a i n i n g  s i g n i f i c a n t  q u a n t i ­

t i e s  o f  a n t i m o n y ,  g e r m a n iu m ,  and  c o b a l t  o f t e n  l e a d  t o  d e p o s i t s  w h ic h  

e x h i b i t  n o t i c e a b l e  s u r f a c e  r o u g h n e s s  a n d  t h i s  may e n h a n c e  l o c a l  c e l l  

c o r r o s i o n .  T h e  p l a t e l e t s  o f  z i n c  a r e  g e n e r a l l y  a l i g n e d  p a r a l l e l  t o  

t h e  s u b s t r a t e  f o r  d e p o s i t s  o b t a i n e d  f r o m  t h e s e  s o l u t i o n s .  F o r  g l u e -  

c o n t a i n i n g  e l e c t r o l y t e s ,  t h e  d e p o s i t s  a r e  u n i f o r m  a n d  o u t w a r d  g r o w t h  

o c c u r s .  Th e  u n i f o r m i t y  o f  t h e  d e p o s i t  may a i d  i n  s u p p r e s s i n g  l o c a l  

c e l l  f o r m a t i o n .  C o m b in a t i o n s  o f  g l u e  a n d  g e rm a n iu m  l e a d  t o  a s e r i e s  

o f  d e p o s i t  m o r p h o l o g i e s  w h ic h  d e p e n d  on  t h e  a m o u n t  o f  e a c h  a d d i t i v e .  

A p p a r e n t  o p t im u m  l e v e l s  l e a d  t o  d e p o s i t  m o r p h o l o g i e s  t h a t  c o r r e s p o n d  

q u i t e  c l o s e l y  t o  t h o s e  o b t a i n e d  f o r  a n o - a d d i t i o n  e l e c t r o l y t e .
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C o n c lu s i o n s

1 .  F a c t o r i a l l y  d e s i g n e d  e x p e r i m e n t s  a r e  q u i t e  u s e f u l  i n  d e t e r m i n i n g  

w h i c h  f a c t o r s  a r e  t h e  m o s t  c r i t i c a l  i n  a f f e c t i n g  t h e  c u r r e n t  

e f f i c i e n c y  a n d  t h e  s y n e r g i s t i c  i n t e r a c t i o n s  e x i s t i n g  among t h e  

v a r i o u s  f a c t o r s .

2 .  A c i d  l e v e l  was f o u n d  t o  be  t h e  m o s t  c r i t i c a l  o f  t h e  f a c t o r s  

t e s t e d .  C o b a l t  l e v e l ,  f o l l o w e d  b y  t e m p e r a t u r e ,  a n t i m o n y ,  

g e r m a n iu m ,  a n d  a r s e n i c  l e v e l s ,  w e r e  t h e  n e x t  c r i t i c a l  f a c t o r s .

3 .  S i g n i f i c a n t  d e t r i m e n t a l  s y n e r g i s m  o c c u r s  f o r  a c i d - c o b a l t  c o m b i ­

n a t i o n s  a n d  c a r e  m u s t  be  e x e r c i s e d  w i t h  t h e s e  tw o  f a c t o r s .  

A r s e n i c  a l s o  a p p e a r s  t o  h a v e  a d e t r i m e n t a l  s y n e r g i s t i c  i n t e r ­

a c t i o n  w i t h  a c i d .

4 .  C o b a l t  and  a r s e n i c  a c t  s y n e r g i s t i c a l l y  a n d  c a u s e  l a r g e r  c u r r e n t  

e f f i c i e n c y  l o s s e s  t h a n  e x p e c t e d .

5 .  T h e  c o m b i n a t i o n  o f  g l u e  a n d  a n t im o n y  a p p e a r s  t o  l e s s e n  t h e  

d e l e t e r i o u s  e f f e c t s  o f  t h e  o t h e r  i m p u r i t i e s .  I n  t h e  a b s e n c e  o f  

g l u e ,  a n t im o n y  a p p e a r s  t o  h a v e  a d e t r i m e n t a l  s y n e r g i s t i c  i n t e r ­

a c t i o n  w i t h  c o b a l t .

6 . T h e r e  i s  a d e f i n i t e  c o r r e l a t i o n  b e tw e e n  c a t h o d e  m o r p h o lo g y  an d  

t h e  a d d i t i v e s  i n  t h e  e l e c t r o l y t e .

7 .  P r o p e r  c o m b i n a t i o n s  o f  g l u e  and  i m p u r i t y  a p p e a r  t o  o p t i m i z e  t h e  

c u r r e n t  e f f i c i e n c y .

8 . A m o de l c a n  be  d e r i v e d  u s i n g  t h e  c a l c u l a t e d  f a c t o r  e f f e c t s  w h ic h  

a l l o w s  some p r e d i c t a b i l i t y  f o r  t h e  s y s t e m .  A b e t t e r  m o d e l may 

be  o b t a i n e d  b y  g o i n g  t o  a m o re  s o p h i s t i c a t e d  d e s i g n .
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Ac k n owl e dg emen t s

T h e  a u t h o r s  w i s h  t o  a c k n o w le d g e  t h e  f i n a n c i a l  a s s i s t a n c e  p r o v i d e d  

b y  t h e  AMAX F o u n d a t i o n ,  New Y o r k ,  N Y, an d  t h e  t e c h n i c a l  a s s i s t a n c e  

p r o v i d e d  b y  C o m in c o ,  L t d . ,  T r a i l ,  B r i t i s h  C o lu m b ia ,  C a n a d a ,  an d  AMAX 

Z i n c  C o m pa n y ,  S a u g e t ,  I L .  We w o u ld  a l s o  l i k e  t o  t h a n k  ASARCO, I n c . ,  

H i l l s b o r o ,  I L ,  f o r  p r o v i d i n g  t h e  F r e n c h  p r o c e s s  z i n c  o x i d e  u s e d  i n  

t h i s  s t u d y .  W i t h o u t  t h e  c o n t i n u e d  i n t e r e s t  a n d  h e l p  o f  t h e  a b o v e  t h i s  

w o r k  w o u ld  n o t  h a v e  be en  p o s s i b l e .
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F i g u r e  1 .

F i g u r e  2 .

F i g u r e  3 .

F i g u r e  4 .

F i g u r e  5 .

F i g u r e  6 .

F i g u r e  7 .

F i g u r e  8 .

C u r r e n t  E f f i c i e n c y  v s  C u r r e n t  D e n s i t y  f o r  I n d u s t r i a l  

E l e c t r o l y t e s  C o n t a i n i n g  60  g / £ Z n  a n d  2 0 0  q/ Z H 2S 0 4 .

T = 4 0 ° C .

C u r r e n t  E f f i c i e n c y  v s  A c i d  C o n c e n t r a t i o n  f o r  I n d u s t r i a l  

E l e c t r o l y t e s  C o n t a i n i n g  60  q/ Z Z n .  T = 4 0 ° C ;  C u r r e n t  

D e n s i t y  = 4 0  m A /c m 2 .

C u r r e n t  E f f i c i e n c y  v s  I m p u r i t y  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  65  q/ Z Zn a n d  2 0 0  g f Z H ^ O ^ .

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40 m A /c m 2 .

C u r r e n t  E f f i c i e n c y  v s  C o b a l t  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  65 q/ Z Zn an d  V a r i o u s  A c i d  C on ­

c e n t r a t i o n s .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 .

C u r r e n t  E f f i c i e n c y  v s  A n t im o n y  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  6 5 / Z Zn a n d  V a r i o u s  A c i d  C o n c e n ­

t r a t i o n s .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /c m 2 .

C u r r e n t  E f f i c i e n c y  v s  G e rm a n iu m  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  65  q/ Z Zn an d  V a r i o u s  A c i d  C o n c e n ­

t r a t i o n s .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 4 0  m A /cm 2 .

C u r r e n t  E f f i c i e n c y  v s  A c i d  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  65 q/ Z Zn an d  8 0  pp b  A s .  T = 4 5 ° C ;  

C u r r e n t  D e n s i t y  = 40 m A /c m 2 .

C u r r e n t  E f f i c i e n c y  v s  O r g a n i c  A d d i t i v e  C o n c e n t r a t i o n  f o r  

P r e p a r e d  E l e c t r o l y t e s  C o n t a i n i n g  65  q/ Z Zn a n d  10 0  q/ Z 

H2S0 i». T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 4 0  m A /c m 2 .

L i s t  o f  Fi g u r e s
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L i s t  o f  Fi g u r e s  ( Co n t i n u e d )

F i g u r e  9 .

F i g u r e  1 0 .

F i g u r e  1 1 .

F i g u r e  1 2 .

F i g u r e  1 3 .

F i g u r e  1 4 .

F i g u r e  1 5 .

F i g u r e  1 6 .

F i g u r e  1 7 .

F i g u r e  1 8 .

C u r r e n t  E f f i c i e n c y  v s  G lu e  C o n c e n t r a t i o n  f o r  P r e p a r e d  E l e c ­

t r o l y t e s  C o n t a i n i n g  6 5 / l  Z n ,  100  g/ l  H 2S0i» a n d  C o n s t a n t  

A m o u n ts  o f  I m p u r i t y  A d d i t i o n .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  

= 40  m A /c m 2 .

C u r r e n t  E f f i c i e n c y  v s  C o b a l t  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  6 5  g/ l  Zn a n d  10 0  g / 1 h^S O ^ W i t h  

a n d  W i t h o u t  2 8  ppb  S b . T = 4 5 ° C ;  C u r r e n t  D e n s i t y  =

4 0  m A /c m 2 .

C u r r e n t  E f f i c i e n c y  v s  G e rm a n iu m  C o n c e n t r a t i o n  f o r  P r e p a r e d  

E l e c t r o l y t e s  C o n t a i n i n g  6 5  g/ l  Zn a n d  10 0  g/ l  H2S0,, W i t h  

a n d  W i t h o u t  5 m g / £  C o . T = 4 5 ° C ;  C u r r e n t  D e n s i t y  =

4 0  m A /c m 2 .

C a l c u l a t e d  C u r r e n t  E f f i c i e n c y  v s  E x p e r i m e n t a l  C u r r e n t  

E f f i c i e n c y  f o r  R e s u l t s  o f  t h e  F a c t o r i a l  D e s ig n .

D e p o s i t  O b t a i n e d  f o r  a N o - a d d i t i o n  E l e c t r o l y t e .  T = 4 5 ° C ;  

C u r r e n t  D e n s i t y  = 4 0  m A /c m 2 . ( lO O O x )

D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g  0 .1  m g /£  A s .  

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 . ( lO O O x )

D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g  21 m g /£

G lu e .  T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 . ( lO O O x )  

D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g  0 . 0 2 6  m g /£  

S b .  T 4 5 ° C ;  C u r r e n t  D e n s i t y  = 40  m A /cm 2 . ( lO O O x )

D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g  5 m g /£  Co .

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 4 0  m A /cm 2 . ( lO O O x )

D e p o s i t  O b t a i n e d  f o r  an  E l e c t r o l y t e  C o n t a i n i n g  0 .1  mg/ l  Ge. 

T = 4 5 ° C ;  C u r r e n t  D e n s i t y  = 4 0  m A /cm 2 . ( lO O O x )
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L i s t  o f  F i g u r e s  ( Co n t i n u e d )

Fi gur e 19. Deposi t  Obt ai ned f or  an El ect r ol y t e  Cont ai ni ng 0. 1 mg/ £  Ge 

and 6 mg / l  Gl ue.  T = 45° C;  Cur r ent  Densi t y = 40 mA/ c m2 . 

( l OOOx)

Fi gur e 20. Deposi t  Obt ai ned f or  an El ect r ol yt e Cont ai ni ng 0. 1 mg/ £  Ge 

and 13 mg / l  Gl ue.  T = 45° C;  Cur r ent  Densi t y = 40 mA/ c m2 . 

( l OOOx)

Fi gur e 21. Deposi t  Obt ai ned f or  an El ect r ol yt e Cont ai ni ng 0. 1 mg/ £  Ge  

and 21 mg f l  Gl ue.  T = 45° C;  Cur r ent  De n s i t y  = 40 mA/ c m2 . 

( l OOOx)
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E v a l u a t i o n  o f  Z i n c  S u l f a t e  E l e c t r o l y t e s  C o n t a i n i n g  C e r t a i n  I m p u r i t i e s  

a n d  A d d i t i v e s  b y  C y c l i c  V o l t a m m e t r y  a n d  E l e c t r o n  M i c r o s c o p y  

D o n a ld  R. F o s n a c h t  a n d  Thomas J .  O 'K e e f e

A b s t r a c t

The  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  o f  a c i d  z i n c  s u l f a t e  e l e c t r o l y t e s  

c o n t a i n i n g  v a r i o u s  a m o u n ts  o f  g e r m a n iu m ,  a n t i m o n y ,  c o b a l t ,  a n d  g l u e  

w e r e  e x a m in e d  b y  c y c l i c  v o l t a m m e t r y .  Th e  e f f e c t s  o f  z i n c  c o n c e n t r a ­

t i o n ,  a c i d  c o n c e n t r a t i o n ,  t e m p e r a t u r e ,  a n d  s u r f a c e  p r e p a r a t i o n  w e r e  

a l s o  i n v e s t i g a t e d .  S m a l l  c o n c e n t r a t i o n s  o f  i m p u r i t i e s  c a u s e  m e a s u r e -  

a b l e  c h a n g e s  i n  p o l a r i z a t i o n  b e h a v i o r .  L e v e l s  as  lo w  as  0 . 0 2  m g /1  Ge 

o r  Sb a n d  0 .1  m g /1  Co c a n  be  d e t e c t e d  u s i n g  t h i s  t e c h n i q u e .  P o l a r i z a ­

t i o n  c h a r a c t e r i s t i c s  c a u s e d  b y  t h e  p r e s e n c e  o f  i m p u r i t i e s  c a n  b e  u s e d  

t o  o p t i m i z e  t h e  a m o u n t  o f  g l u e  n e e d e d  t o  c o u n t e r a c t  t h e  e f f e c t s  o f  t h e  

i m p u r i t i e s .  The  a c t u a l  m e c h a n is m  o f  i m p u r i t y  i n t e r a c t i o n  i s  m o re  

c l e a r l y  d e l i n e a t e d  u s i n g  t h i s  t e c h n i q u e .  G e rm a n iu m  a n d  c o b a l t  a p p e a r  

t o  f o r m  l o c a l  g a l v a n i c  c e l l s ,  h o w e v e r ,  a n t i m o n y  d o e s  n o t .  The  r e s u l t s  

o f  t h e s e  s h o r t  t e r m  t e s t s  h a v e  p r o v e n  t o  be  c o r r e l a t a b l e  w i t h  c l a s s i c a l  

l o n g  t e r m  e f f i c i e n c y  t e s t s .  T h e  d e p o s i t  m o r p h o l o g i e s  o b t a i n e d  f o r  

s h o r t - t i m e  c a t h o d i c  c y c l e s  w e r e  a l s o  s t u d i e d  u s i n g  s c a n n i n g  e l e c t r o n

m i c r o s c o p y .
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I nt r oduct i on

The pr esence of  i mpur i t i es i n t he el ect r ol yt e i s a maj or  pr obl em 

f or  t he z i nc e l ect r owi nni ng i ndust r y.  Decr eases i n z i nc cur r ent  

ef f i c i ency  and changes i n deposi t  mor phol ogy and cat hodi c pol ar i z a ­

t i on occur  f or  el ect r ol yt es cont a i ni ng smal l  concent r a t i ons of  

i mpur i t i es.  Level s as l ow as par t s per  bi l l i on f or  ant i mony,  ger man­

i um,  and ar seni c  and par t s per  mi l l i on f or  cobal t  ar e r epor t ed t o 

gr eat l y  i nf l uence t he cat hodi c deposi t i on of  z i nc ( 1- 19) .

I mpur i t y behavi or  i s not  wel l  under st ood and many quest i ons  

r emai n r egar di ng t he accept abl e l i mi t s of  i mpur i t i es f or  ef f i ci ent  

oper at i on of  a z i nc e l ect r ol ysi s ci r cui t .  Char act er i z at i on of  t he 

el ect r ol y t e  i s ver y i mpor t ant  and ext ensi ve  anal yt i cal  anal yses ar e 

conduct ed t o det er mi ne  t he l evel s of  i mpur i t i es i n t he el ect r ol yt e.  

Chemi cal  anal yses have al ways ser ved as t he pr i mar y means of  eval uat ­

i ng t he qual i t y  of  t he el ect r ol yt e.  Unf or t unat el y,  not  onl y t he 

absol ut e magni t ude of  t he var i ous i mpur i t i es,  but  al so t he syner gi s ­

t i c i nt er act i ons among t hem ul t i mat el y det er mi ne t he e l ect r ol yz abi l i t y  

of  t he sol ut i on.  Thus,  a r api d el ect r ochemi cal  eva l uat i on t est  t o 

compl ement  exi st i ng anal yses woul d be desi r abl e.  A pr omi si ng deve ­

l opment  i n t hi s ar ea i s t he appl i cat i on of  cycl i c vol t ammet r y  t o 

eval uat e  z i nc- bear i ng el ect r ol yt es.  Recent  i nvest i gat i ons have shown 

t hat  gl ue addi t i ons  t o ant i mony- cont a i ni ng z i nc el ect r ol yt es  can be 

opt i mi z ed usi ng t hi s t echni que ( 2, 4, 6) .  Low l evel s of  ant i mony and 

gl ue wer e  f ound t o cause measur abl e  changes i n cat hodi c pol ar i z at i on.  

The appl i cat i on of  t hi s t echni que t o el ect r ol yt es cont a i ni ng ni ckel  

i mpur i t i es i ndi cat ed t hat  ni ckel  l evel s as l ow as 0 . 05 mg/ 1 coul d be



6 2

det ect ed ( 20) .  The mechani sm of  ni ckel  i nt er act i on was al so eval uat ed 

usi ng t hi s t echni que.

I n t he pr esent  st udy,  scanni ng el ect r on mi cr oscopy and cycl i c  

vol t ammet r y  wer e used i n an at t empt  t o char act er i z e  t he ef f ect s of  

cobal t ,  ger mani um,  ant i mony,  and gl ue on cat hodi c pol ar i z at i on and 

z i nc deposi t i on.  The t echni ques wer e used t o gai n some i nsi ght  i nt o 

t he mechani sm of  i mpur i t y i nt er act i on at  t he cat hode and t o devel op a 

pr act i cal  t est  pr ocedur e whi ch coul d be appl i ed t o cat hodi c z i nc 

pr ocesses.
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Exper i ment al

Sol ut i on Pr epar at i on

A st ock sol ut i on of  neut r al  ( pH = 4. 0 -  4. 5)  pur i f i ed z i nc sul ­

f at e sol ut i on was pr epar ed by usi ng hi gh pur i t y,  Fr ench pr ocess z i nc  

oxi de powder  and r eagent  gr ade sul f ur i c aci d.  The z i nc sul f at e was  

pur i f i ed by addi ng 0. 1 t o 0. 2 ml / I  of  0. 1 N KMnCK;  heat i ng t o near  

t he boi l i ng poi nt  wi t h v i gor ous st i r r i ng;  set t l i ng of  t he pr eci pi t at es  

f or  30 mi nut es at  80- 85° C and t hen f i l t er i ng.  The f i l t r at e was pur i ­

f i ed by addi ng 2 g/ 1 of  z i nc dust ;  heat i ng t o t he boi l i ng poi nt  wi t h 

st i r r i ng f or  30 t o 45 mi nut es and t hen f i l t er i ng t o r emove excess  

z i nc dust .  An anal ysi s of  t he neut r al  pur i f i ed sol ut i on appear s i n 

Tabl e I .  Base e l ect r ol yt es of  var yi ng z i nc cont ent s wer e  pr epar ed 

usi ng t hi s sol ut i on.

A s t ock sol ut i on cont a i ni ng 13 mg/ 1 of  ant i mony was pr epar ed by 

di ssol v i ng ant i mony pot ass i um t ar t r at e i n di st i l l ed wat er .  Cobal t  

sol ut i on was pr epar ed by di ssol vi ng cobal t ous sul f at e i n di s t i l l ed 

wa t e r  t o a concent r a t i on of  800 mg/ 1.  A st ock sol ut i on of  ger mani um 

( 10 mg/ 1)  was pr epar ed by di ssol vi ng t he ger mani um i n di l ut e sul f ur i c  

aci d a f t er  Ge 0 2 was f used wi t h Na 2C0 3 and K2C0 3. Al l  t he st ock sol u­

t i ons wer e  anal yz ed by a t omi c  absor pt i on anal ysi s.  The sol ut i ons  

wer e s t or ed i n pl ast i c bot t l es and anal yz ed per i odi cal l y.

A s t ock  sol ut i on of  ( 1 g/ 1)  gl ue ( Swi f t  - -  EZ TPC # 3)  was pr e ­

par ed by di ssol vi ng t he or gani c i n di st i l l ed wat er .  The gl ue sol u­

t i on was st or ed under  r ef r i ger at i on t o mi ni mi z e  degr adat i on.

Test  sol ut i ons wer e  pr epar ed by t aki ng t he r equi r ed amount  of  

neut r al  pur i f i ed sol ut i on,  r eagent  gr ade sul f ur i c  aci d,  i mpur i t y
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T a b le  I .  A n a l y s e s  o f  N e u t r a l

Zn

Mn

Cd

Sb

As

Sb + As

Ge

Co

N i

Fe

Cu

F "

cr

P u r i f i e d  S o l u t i o n s  (m g/ l ) .

Pr epar ed

1 3 0 ,0 0 0

< 0 .1

1 . 3

0 . 0 1

< 0 . 0 4

0.002

<0.1

< 0 . 0 5

0 . 4

0 . 0 8

0.1

1 . 0
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s o l u t i o n ,  a n d  g l u e  a n d  p l a c i n g  th e m  i n  a 5 0 0  ml v o l u m e t r i c  f l a s k .  The  

v o lu m e  was a d j u s t e d  t o  50 0  ml b y  a d d i n g  d i s t i l l e d  w a t e r .

C y c l i c  V o l t a m m e t r y

Th e  c y c l i c  v o l t a r r a n e t r y  e x p e r i m e n t s  w e re  c o n d u c t e d  i n  a P y r e x  "H "  

c e l l  e m p lo y i n g  a n  A l  w o r k i n g  e l e c t r o d e  (1 cm 2 = a r e a ) ,  a P t  c o u n t e r  

e l e c t r o d e ,  a n d  a m e r c u r o u s  s u l f a t e  r e f e r e n c e  e l e c t r o d e .  A c o n s t a n t  

t e m p e r a t u r e  w a t e r  b a t h  was u s e d  t o  m a i n t a i n  t h e  d e s i r e d  t e m p e r a t u r e .

A P e t r o l i t e  P o t e n t i o d y n e  A n a l y z e r  ( M o d e l  M - 4 1 0 0 )  was u s e d  t o  g e n e r a t e  

t h e  c y c l i c  v o l t a m m o g r a m s . T h e  p o l a r i z a t i o n  b e h a v i o r  was r e c o r d e d  as  a 

l o g  c u r r e n t  d e n s i t y  v e r s u s  p o t e n t i a l  p l o t .  F i g u r e  1 i s  a s c h e m a t i c  o f  

t h e  e x p e r i m e n t a l  s e t - u p .

T h e  w o r k i n g  e l e c t r o d e s  w e r e  p r e p a r e d  b y  w e t  p o l i s h i n g  on  6 0 0  g r i t  

p a p e r .  T h e  e l e c t r o d e s  w e r e  w a s h e d  i n  an  u l t r a s o n i c  c l e a n e r  a f t e r  

p o l i s h i n g  a n d  t h e n  r i n s e d  w i t h  d i s t i l l e d  w a t e r  a n d  d r i e d  w i t h  h o t  a i r .  

T h e  e l e c t r o d e s  w e r e  t h e n  p l a c e d  i n  t h e  "H "  c e l l  a n d  a l l o w e d  t o  come t o  

t h e  t e s t  t e m p e r a t u r e .  T e s t s  w e r e  a l s o  c o n d u c t e d  o n  e l e c t r o d e s  w h ic h  

w e r e  w h e e l  p o l i s h e d  u s i n g  0 . 0 5 p  y - a l u m i n a .  Th e  c l e a n i n g  a n d  d r y i n g  

p r o c e d u r e s  w e r e  t h e  same a s  d e s c r i b e d  p r e v i o u s l y .

A f t e r  r e a c h i n g  t h e  t e s t  t e m p e r a t u r e ,  a v o l t a m m o g r a m  was o b t a i n e d  

b y  d r i v i n g  t h e  p o t e n t i a l  f r o m  - 0 . 6 0 0  V v s  S . H . E .  t o  a m o re  c a t h o d i c  

p o t e n t i a l  c a p a b l e  o f  p r o d u c i n g  a t o t a l  c u r r e n t  o f  50  m A /c m 2 . A t  t h i s  

p o i n t  t h e  p r o c e s s  was r e v e r s e d  a n d  d r i v e n  a n o d i c a l l y  t o  t h e  o r i g i n a l  

s t a r t i n g  p o t e n t i a l .  V a r i o u s  s c a n  r a t e s  w e r e  t r i e d ,  b u t  0 . 5  m V /s e c  

g a v e  t h e  m o s t  c o n s i s t e n t  r e s u l t s  a n d  was e m p lo y e d  f o r  t h e  b u l k  o f  t h e  

s t u d i e s .  Th e  f a c t o r s  s t u d i e d  w e r e  a d d i t i v e  c o n c e n t r a t i o n ,  t e m p e r a ­

t u r e ,  a c i d  c o n c e n t r a t i o n ,  s u r f a c e  p r e p a r a t i o n ,  a n d  z i n c  c o n c e n t r a t i o n .

I n  a d d i t i o n  t o  t h e  t r a n s i e n t  s t u d i e s ,  t e s t s  w e r e  p e r f o r m e d  u s i n g
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F i g u r e  1 .  S c h e m a t i c  o f  E q u ip m e n t  Used f o r  t h e  C y c l i c  V o l t a m ­

m e t r y  E x p e r i m e n t s .  [C  = W o r k in g  E l e c t r o d e  ( A l ) ;

R = M e r c u r o u s  S u l f a t e  R e f e r e n c e  E l e c t r o d e ;  A = 

A u x i l i a r y  E l e c t r o d e  ( P t ) ;  V = V o l t a g e  M o n i t o r i n g  

T e r m i n a l s ;  a n d  I  = C u r r e n t  S u p p l y  T e r m i n a l s ] .
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const ant  pot ent i al s t o det er mi ne  t he s t abi l i t y of  t he deposi t ed z i nc  

under  var i ous condi t i ons.  The mor phol ogi es  of  t he z i nc deposi t s  

wer e  obt ai ned usi ng scanni ng el ect r on mi cr oscopy.
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R e s u l t s  a n d  D i s c u s s i o n

I n  o r d e r  t o  g a i n  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  v o l t a r r m o g r a m s  and  

o t h e r  r e s u l t s  t h a t  f o l l o w ,  r e a c t i o n s  t h a t  a r e  u s e f u l  i n  d e s c r i b i n g  

t h e  p r o c e s s e s  o c c u r r i n g  a t  t h e  w o r k i n g  e l e c t r o d e  a r e  l i s t e d  i n  T a b l e  

I I .  T h e s e  r e a c t i o n s  w i l l  be  d i s c u s s e d  i n  l i g h t  o f  t h e  r e s u l t s  t h r o u g h ­

o u t  t h i s  s e c t i o n .

V o l ta m m o g ra m s  f o r  N o - A d d i t i o n  E l e c t r o l y t e s

F o r  an  e l e c t r o l y t e  c o n t a i n i n g  65 g /1  Zn a n d  20 0  g /1  H2SO4 a n d  a 

45° C  t e m p e r a t u r e ,  a v o l ta m m o g r a m  o f  t h e  t y p e  sh ow n  i n  F i g u r e  2 i s  

o b t a i n e d .  F ro m  p o i n t  A t o  p o i n t  C ( - 0 . 7 8 2  V v s  S . H . E . ) ,  o n l y  h y d r o g e n  

e v o l u t i o n  on  t h e  a lu m in u m  s u b s t r a t e  o c c u r s .  A t  p o t e n t i a l s  m o re  n e g a ­

t i v e  t h a n  p o i n t  C ( t h e  z i n c  d e p o s i t i o n  p o t e n t i a l ) ,  b o t h  h y d r o g e n  

e v o l u t i o n  a n d  z i n c  d e p o s i t i o n  o c c u r  o n  t h e  a lu m in u m  s u b s t r a t e .  A t  

p o i n t  D , t h e  s c a n  d i r e c t i o n  i s  r e v e r s e d  a n d  t h e  p o t e n t i a l  i s  d r i v e n  i n  

an  a n o d i c  d i r e c t i o n .

Z i n c  s t a b i l i t y  t e s t s  w e r e  c o n d u c t e d  t o  d e t e r m i n e  w h e r e  t h e  z i n c  

be co m es  u n s t a b l e .  I t  was f o u n d  t h a t  t h e  z i n c  be com es u n s t a b l e  a t  a 

p o t e n t i a l  ( - 0 . 7 8 1  V vs  S . H . E . )  r o u g h l y  2 0  mV m o re  e l e c t r o n e g a t i v e  

t h a n  p o i n t  E. When t h e  p o t e n t i a l  was h e l d  a t  t h i s  v a l u e ,  t h e  z i n c  

c o m p l e t e l y  d i s s o l v e d  a f t e r  20  m i n u t e s .  A t  p o t e n t i a l s  m o re  e l e c t r o n e ­

g a t i v e  t h a n  t h i s  p o i n t ,  t h e  c u r r e n t  r e a c h e s  a s t e a d y  s t a t e  v a l u e  a n d  

z i n c  c a n  be  d e t e c t e d  o n  t h e  e l e c t r o d e  s u r f a c e .  A t  p o i n t  E ( - 0 . 7 6 1  V 

v s  S . H . E . ) ,  t h e  n e t  c u r r e n t  be com es a n o d i c  a n d  s t a y s  a n o d i c  u n t i l  

p o i n t  F i s  r e a c h e d .  Th e  e l i m i n a t i o n  o f  t h e  z i n c  f r o m  t h e  e l e c t r o d e  

c a u s e s  t h e  a n o d i c  c u r r e n t  t o  d r o p  a n d  a f t e r  p o i n t  F t h e  c u r r e n t  a g a in  

be com es c a t h o d i c  a n d  o n l y  h y d r o g e n  d i s c h a r g e  o c c u r s .  F ro m  E t o  F ,



T a b l e  I I .  P o s s i b l e  R e a c t i o n s  O c c u r r i n g  a t  t h e  W o r k in g  E l e c t r o d e

C a t h o d i c  R e a c t i o n s

1 .  H+ ( a q )  +  e = %H2 ( g ) ( A lu m in u m  S u b s t r a t e )

2 .  Mn + ( a q )  +  n e  = M ( s ) * ( A l u n i n u m  S u b s t r a t e )

3 .  Z n 2+ ( a q )  +  2e  = Z n ( s ) ( A lu m in u m  S u b s t r a t e )

4 .  Mn + ( a q )  +  ne  = M ( s ) * ( Z i n c  S u b s t r a t e )

5 .  Z n z + ( a q )  +  2e  = Z n ( s ) ( Z i n c  S u b s t r a t e )

6 . H+ ( a q )  +  e  = %H2 ( g ) ( Z i n c  S u b s t r a t e )

7 .  H+ ( a q )  +  e = %H2 ( g ) ( M ( s )  S u b s t r a t e )

8 . xMn + ( a q )  +  y H + ( a q )  +  ( x n + y ) e  = MxHy 

A n o d i c  R e a c t i o n

( A lu m in u m  o r  Z i n c  S u b s t r a t e s )

9 .  Z n ( s )  = Z n 2+ ( a q )  +  2e ( A lu m in u m  o r  Z i n c  S u b s t r a t e s )

* w h e r e  M = C o ,  G e , S b . cn



Fi gur e 2.  Vol t amnogr am f or  No- Addi t i on El ect r ol yt e.  

T = 45° C;  Scan Rat e = 0 . 5  mV/ sec.
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t he z i nc di ssol ut i on cur r ent  i s hi gher  t han t he hydr ogen r educt i on cur ­

r ent  and t he net  cur r ent  i s t her ef or e anodi c.  Hyst er esi s of  t he cur ve  

f r om D t o E exi st s because z i nc and hydr ogen i ons di schar ge on bot h 

z i nc and a l umi num subst r at es.  Zi nc deposi t i on on z i nc r equi r es l ess 

act i vat i on over pot ent i al ,  so t he cur r ent  i s hi gher  t han t hat  measur ed 

on t he f r ont  sweep when compar ed at  t he same pot ent i al .

A separ at e t est  was conduct ed t o det er mi ne t he r easons f or  t he 

decr ease i n hydr ogen di schar ge  f r om B t o C.  The r esul t s,  shown i n 

Fi gur e 3,  i ndi cat e t hat  t he hydr ogen cur r ent  cont i nual l y  i ncr eases f or  

sol ut i ons cont a i ni ng onl y sul f ur i c aci d.  When 1 M MgSOi *  i s added,  some  

pol ar i z a t i on occur s.  The gener al  shape of  t he cur ves i n bot h cases i s,  

however ,  qui t e  si mi l ar .  The decr eased cur r ent  i s pr obabl y due t o phys ­

i cal  adsor pt i on of  t he Mg++ i ons i n t he doubl e l ayer .

The addi t i on of  z i nc i ons t o t he aci d sol ut i on causes consi der ­

abl y gr eat er  pol ar i z a t i on and a change i n t he shape of  t he cur ve as 

wel l .  I ni t i al l y,  t he hydr ogen cur r ent  i ncr eases s l i ght l y when t he  

pot ent i al  becomes mor e e l ect r onegat i ve,  but  a cur r ent  maxi mum i s 

r eached.  Up t o t hi s poi nt  t he z i nc i ons may act  s i mi l ar l y t o t he ma g ­

nes i um i ons,  but  beyond t hi s poi nt  t hey dr amat i cal l y suppr ess hydr ogen 

cur r ent .  The  l ar ge decr ease  i n hydr ogen cur r ent  appear s t o be due t o 

t he speci f i c  adsor pt i on of  z i nc i ons or  ot her  speci es f or med on t he  

al umi num subst r a t e  ( 21- 23) .  The f i l m t hus f or med may al t er  t he hydr o­

gen di schar ge  r eact i on.  Zi nc i on adsor pt i on i s r epor t ed t o hi nder  t he 

di schar ge  of  cobal t ,  ni ckel ,  and i r on i n a s i mi l ar  f ashi on ( 22- 23) ,  

and appear s  t o be one of  t he domi nat i ng f act or s i n z i nc e l ec t r owi n­

ni ng.
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f o r  E l e c t r o l y t e s  C o n t a i n i n g  2 0 0  g / £  H2SQ4. an d  

t h e  I n d i c a t e d  A d d i t i o n s .  T = 4 5 ° C ;  S c a n  R a te  = 

0 . 5  m V /s e c .
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V o l ta m m o g ra m s  f o r  E l e c t r o l y t e s  C o n t a i n i n g  G e rm a n iu m  o r  C o b a l t  A d d i t i o n s

Th e  p r e s e n c e  o f  l o w  l e v e l s  o f  Co a n d  Ge i m p u r i t i e s  c a u s e s  c h a n g e s  

i n  t h e  z i n c  p o l a r i z a t i o n  c u r v e  as  i l l u s t r a t e d  i n  F i g u r e s  4 a n d  5 .

L e v e l s  a s  lo w  as  0 . 0 8  m g/1  g e rm a n iu m  a n d  1 m g /1  c o b a l t  c a u s e  m e a s u r e -  

a b l e  c h a n g e s  i n  p o l a r i z a t i o n  f o r  e l e c t r o l y t e s  c o n t a i n i n g  65  g /1  Zn an d  

2 0 0  g /1  H2S 0 - .

A t  l o w  l e v e l s  o f  t h e s e  i m p u r i t i e s  a s m a l l  i n f l e c t i o n  a p p e a r s  i n  

t h e  b a s i c  c u r v e  a t  p o i n t  i .  Upon i n c r e a s i n g  t h e  i m p u r i t y  c o n t e n t  t h i s  

c h a n g e s  t o  a f l a t  p l a t e a u  a n d  f i n a l l y  t o  a hump o r  p e a k  a t  p o i n t  a i .

T h e  s e q u e n c e  o f  c h a n g e s  w h ic h  o c c u r  a r e  sh ow n i n  F i g u r e  5 .  Th e  v a l u e  

o f  t h e  c u r r e n t  d e n s i t y  a t  p o i n t  a i  ( s u b s e q u e n t l y  c a l l e d  t h e  p e a k  c u r ­

r e n t  d e n s i t y )  i s  f o u n d  t o  be  p r o p o r t i o n a l  t o  t h e  a m o u n t  o f  i m p u r i t i e s  

i n  t h e  e l e c t r o l y t e .  F i g u r e  6 i l l u s t r a t e s  t h e  t r e n d  o f  t h i s  p e a k  c u r ­

r e n t  d e n s i t y  w i t h  i n c r e a s i n g  c o b a l t  c o n t e n t  a t  45° C  a n d  5 5 ° C .

I n c r e a s i n g  t h e  t e m p e r a t u r e  c a u s e s  t h e  p e a k  h e i g h t  t o  i n c r e a s e  a t  a 

g i v e n  i m p u r i t y  c o n c e n t r a t i o n .

T h i s  p e a k  a p p e a r s  o n l y  a f t e r  some z i n c  has  d e p o s i t e d .  T h e  p e a k  

d o e s  n o t  a p p e a r  w h en  t h e  c a t h o d i c  sw e ep  d i r e c t i o n  i s  r e v e r s e d  p r i o r  

t o  r e a c h i n g  t h e  z i n c  d e p o s i t i o n  p o t e n t i a l .  A t  t h i s  p e a k  v i g o r o u s  

h y d r o g e n  e v o l u t i o n  o c c u r s  and  t h e  d e p o s i t e d  z i n c  c o m p l e t e l y  d i s s o l v e s  

f r o m  t h e  e l e c t r o d e  s u r f a c e  e v e n  t h o u g h  t h e  n e t  c u r r e n t  i s  c a t h o d i c .  

S t a b i l i t y  t e s t s  c o n d u c t e d  on  e l e c t r o l y t e s  c o n t a i n i n g  t h e s e  i m p u r i t i e s  

i n d i c a t e  t h a t  t h e  z i n c  be com es c o m p l e t e l y  u n s t a b l e  a f t e r  t h e  p o t e n t i a l  

i s  made m o re  e l e c t r o p o s i t i v e  t h a n  p o i n t  i .  A t  p o t e n t i a l  v a l u e s  m o re  

e l e c t r o n e g a t i v e  t h a n  p o i n t  i ,  a n o t h e r  ph eno m e no n  o c c u r s  f o r  s o l u t i o n s  

c o n t a i n i n g  m o d e r a t e  l e v e l s  o f  i m p u r i t y .  I n s t e a d  o f  r e a c h i n g  a s t e a d y  

s t a t e  c u r r e n t  a t  a g i v e n  p o t e n t i a l ,  c y c l e s  o f  d e p o s i t i o n  a n d
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V o l t s  v s .  S .H .E .

Fi gur e 4.  Vol t ammogr am Obt ai ned f or  El ect r ol yt es Cont ai ni ng 

Ger mani um or  Cobal t  Addi t i ons.  T = 45° C;  Scan 

Rat e = 0 . 5  mV/ sec.
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V  8.HE.

Fi gur e 5.  Sequence of  Changes t hat  Occur  at  Poi nt s i  and ai  

as t he I mpur i t y Concent r at i on I ncr eases f or  El ec ­

t r ol yt es Cont ai ni ng Ger mani um or  Cobal t  Addi t i ons.
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(mg/ 1)  Co b o l i

Fi gur e 6 . Peak Cur r ent  Densi t y vs Cobal t  Cont ent .  Scan

Rat e = 0 . 5  mV/ sec.
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di ssol ut i on occur .  Zi nc deposi t s i ni t i al l y;  but ,  wi t h t i me,  vi gor ous  

hydr ogen evol ut i on begi ns and ver y hi gh cur r ent  densi t i es ar e obt ai ned 

( 200 mA/ c m2) .  The cur r ent  peaks and t hen f al l s t o r el at i vel y l ow 

val ues ( l ess t han 10 mA/ c m2) .  The el ect r odes wer e checked f or  z i nc on 

t he SEM at  t hi s poi nt ,  but  nei t her  z i nc nor  i mpur i t y met al  wer e  

det ect ed.  Zi nc r edeposi t i on begi ns a f t er  a cer t ai n t i me i nt er val ,  and 

t he sequence i s r epeat ed.  The cycl e t i me depends on t he i mpur i t y con­

cent r at i on.  El ect r ol ysi s st udi es done by ot her  i nvest i gat or s conf i r m 

si mi l ar  cycl i c behavi or  f or  sol ut i ons cont ai ni ng cobal t ,  ni ckel ,  and 

ger mani um i mpur i t i es ( 9, 10) .

The i mpur i t i es do not  seem t o accumul at e  on t he wor ki ng el ect r ode.  

Cont i nuous cycl i ng yi e l ds  r el at i ve l y  si mi l ar  scans,  whi ch i ndi cat es  

l i t t l e i mpur i t y accumul at i on.  The i mpur i t i es may become unst abl e when 

t he z i nc di ssol ves because of  t he l oss i n cat hodi c pr ot ect i on af f or ded 

by t he pr esence of  t he deposi t ed z i nc or  t hey may not  adher e wel l  t o 

t he a l umi num subst r a t e and ar e physi cal l y f l ushed f r om t he el ect r ode  

sur f ace by t he vi gor ous hydr ogen evol ut i on.  I f  t he i mpur i t i es di d 

accumul at e  on t he e l ect r ode sur f ace,  hi gher  hydr ogen cur r ent s woul d be 

expect ed even a f t er  t he z i nc had compl et el y di ssol ved because t he 

exchange cur r ent s f or  hydr ogen di schar ge on cobal t  and ger mani um ar e 

si gni f i cant l y  hi gher  t han t hat  of  a l umi num or  z i nc and hydr ogen di s ­

char ge on t hese met al s shoul d be easi er .

The poi nt  at  whi ch t he z i nc becomes compl et el y unst abl e ( poi nt  i )  

i s f ound t o occur  at  a pot ent i al  val ue si mi l ar  t o t hat  of  t he no­

addi t i on e l ect r ol y t e  ( appr oxi mat el y - 0. 783 V vs S. H. E. )  and t hi s 

poi nt  appear s t o depend onl y on t he z i nc and aci d concent r a t i ons and 

not  on t he i mpur i t y concent r at i on.  Poi nt  i wi l l  be cal l ed t he z i nc
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i nst abi l i t y pot ent i al  i n subsequent  di scussi ons.

Ger mani um and cobal t  cause si gni f i cant  changes i n t he back scan,  

as demonst r at ed above,  but  do not  a f f ect  t he f r ont  scan.  The z i nc  

deposi t i on pot ent i al  and t he pot ent i al  at  poi nt  x ( pot ent i al  whi ch 

gi ves a cur r ent  densi t y  of  10 mA/ c m2 ) ar e near l y i dent i cal ,  as shown 

by val ues gi ven i n Tabl e I I I .  Thi s si mi l ar i t y i s i l l ust r at ed by 

Fi gur es 7- 9.  The deposi t s wer e  obt ai ned by scanni ng t o poi nt  D and 

hol di ng t he pot ent i al  const ant  at  t hi s poi nt  f or  1 mi nut e.  The cover ­

age was evenl y di s t r i but ed f or  al l  t hese deposi t s and each cr yst a l l i t e  

appear s t o be gr owi ng i ndependent l y  of  i t s nei ghbor s.  Ther e appear s  

t o be l i t t l e t endency f or  t he par t i cl es t o cl ump t oget her .  The c r y s ­

t a l l i t e  si z e i s qui t e s i mi l ar  f or  t he deposi t s obt ai ned f r om no­

addi t i on e l ect r ol yt es and f or  t hose cont ai ni ng 0 . 1  mg / 1  ger mani um.

The cr yst a l l i t e  si z e i s s l i ght l y smal l er  f or  t he deposi t  obt ai ned f r om 

t he e l ect r ol y t e  cont ai ni ng 8  mg / 1  cobal t .

Si nce t her e i s v i r t ual l y  no change i n t he f r ont  scan por t i on of  

t he vol t ammogr am,  t he amount  of  i mpur i t y deposi t i on pr i or  t o z i nc 

deposi t i on appear s t o be i nsi gni f i cant  or  at  l east  i nsuf f i ci ent  t o 

cause any not abl e i ncr ease i n t he cat hodi c hydr ogen cur r ent .  Thi s i s 

most  l i kel y  due t o t he i nhi bi t i ng e f f ect  of  spec i f i cal l y adsor bed z i nc 

i ons whi ch gr eat l y  r educe t he r at e of  di schar ge  of  t he i mpur i t y i ons.  

Ot her  i nvest i gat or s have f ound t hat  t he pr esence of  as l i t t l e as 6 g/ 1 

Zn i n a 1 M CoSOi ,  e l ect r ol y t e can pr event  v i r t ua l l y  any cobal t  deposi ­

t i on at  pot ent i a l s  l ess t han t he z i nc di schar ge  pot ent i al  ( 21- 23, 25,  

26) .  The  r et ar di ng ef f ect  of  t he z i nc i on i s l ess when t he z i nc i ons 

begi n t o deposi t  and si gni f i cant  amount s of  i mpur i t y co- deposi t  wi t h 

t he z i nc ( 23) .
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Tabl e  I I I .  Compar i son of  Zi nc Deposi t i on Pot ent i al  and Pot ent i al  at  

Poi nt  x f or  El ect r ol yt es Wi t h and Wi t hout  I mpur i t y  

Addi t i on.

No Addi t i on 

4- 32 mg/ 1 Co

0. 1 mg/ 1 Ge

Zn Deposi t i on 

Pot ent i al  

V vs S. H. E.

- 0. 782

- 0 . 783

- 0. 788

Pot ent i al  at  

Poi nt  x 

V vs S. H. E.

- 0. 806

- 0. 809

- 0. 811

Exper i ment al  Er r or  ± 7 mv.
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Fi gur e 7.  Zi nc Deposi t  Obt ai ned f or  El ect r ol yt e  

Cont ai ni ng 65 g/ £ Zn and 200 g/ £ HaSOi * .  

Pot ent i al  Hel d at  Poi nt  D f or  1 Mi nut e.  

( 3000x)
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Fi gur e 8 . Zi nc Deposi t  Obt ai ned f or  El ect r ol yt e  

Cont ai ni ng 65 q / l  Zn,  200 g/ £ H2SO4 , 

and 100 ppb Ge.  Pot ent i al  Hel d at  

Poi nt  D f or  1 Mi nut e.  ( 3000x)
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F ig u r e  9 .  Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  

C o n t a in in g  65 g / l  Z n ,  2 0 0  g / £  H2S 0 .,,  

an d  8 mg/ £  C o . P o t e n t i a l  H e ld  a t  

P o in t  D f o r  1 M in u te .  ( 3 0 0 0 x )
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Fact or s Af f ect i ng t he Co and Ge Vol t ammogr ams

I t  was f ound t hat  i ncr eased t emper at ur e,  sur f ace  r oughness,  aci d 

concent r at i on and decr eased z i nc concent r a t i on i ncr ease t he peak cur ­

r ent  densi t y.

Zi nc Concent r at i on The e f f ect  of  var yi ng z i nc concent r a t i on i s 

shown i n Fi gur e 10.  I ncr easi ng t he z i nc concent r a t i on suppr essed t he 

ef f ect  of  t he i mpur i t y and al so caused a shi f t i ng of  t he z i nc deposi ­

t i on pot ent i al  and z i nc i nst abi l i t y poi nt  t o l ess e l ect r onegat i ve  

pot ent i al s.  Concent r a t i ons of  0. 1 mg/ 1 Co and 0. 02 mg/ 1 Ge coul d be 

det ect ed by di l ut i ng t he base e l ect r ol yt e  t o 6. 5 g/ 1 Zn wi t h 200 g/ 1 

sul f ur i c  aci d.

Aci d Concent r at i on The i nt er act i on of  t he i mpur i t i es was s i gni ­

f i cant l y  enhanced by i ncr easi ng t he sul f ur i c aci d concent r at i on.  The  

cycl i c vol t ammet r y exper i ment s i ndi cat e t hat  s i gni f i cant l y  l ess 

i mpur i t y can be t ol er at ed at  hi gher  aci d concent r at i ons  as mi ght  be 

expect ed.  Thi s i s i l l ust r at ed by t he r esul t s shown i n Fi gur e 11.  

I ncr easi ng aci d concent r at i on al so i ncr eases t he i ni t i al  hydr ogen i on 

r educt i on ( see Fi gur e 12) .  I ncr easi ng aci d concent r at i ons  l ead t o 

i ncr eased i mpur i t y  ef f ect s and gr eat er  amount s of  cat hodi cal l y pr o­

duced hydr ogen.  Bot h f act or s l ead t o a decr ease  i n z i nc cur r ent  

ef f i ci ency.

Sur f ace  Roughness The e f f ect  of  i ncr eased sur f ace r oughness i s 

i l l ust r a t ed by Fi gur e 13.  The 600 gr i t  pol i shed e l ect r odes wer e mor e  

sensi t i ve t o i ncr easi ng i mpur i t y cont ent  t han t he wheel - pol i shed 

el ect r odes.  I ncr easi ng sur f ace r oughness i ncr eases t he det r i ment al  

i nt er act i on of  t he i mpur i t i es at  t he el ect r ode.  The i ncr eased sen­

s i t i v i t y  of  t he r ougher  600 gr i t  pol i shed el ect r odes was ut i l i z ed by
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0  4  8  12 1 6  2 0

( g / l )  Z i n c

F ig u r e  1 0 . P e a k  C u r r e n t  D e n s i t y  v s  Z in c  C o n c e n t r a t i o n .

S c a n  R a te  = 0 . 5  m V /s e c ;  T = 4 5 ° C .
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( y / i ) H g SO ^

Fi g u r e  11.  Pe a k  Cu r r e n t  De n s i t y  v s  Ac i d  Co n c e n t r a t i o n .

Sc a n  Ra t e  = 0 . 5  mV/ s e c ;  T = 45 ° C.
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f or  El ect r ol yt es Cont ai ni ng 6. 5 g/ £  Zn and 

Var i ous HzSOi *  Concent r at i ons.  Scan Rat e = 

0. 5 mV/ sec;  T = 45° C.
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0  0.2 0.4  0.6  0.8  1.0

( m g / 1 )  C o b a l t

Fi g u r e  13.  Pe a k  Cu r r e n t  De n s i t y  v s  Co b a l t  Co n c e n t r a t i o n  f o r

Wo r k i n g  El e c t r o d e s  Ha v i n g  Di f f e r e n t  Su r f a c e  Pr e ­

p a r a t i o n .  Sc a n  Ra t e  = 0 . 5  mV/ s e c ;  T = 45 ° C.
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conduct i ng most  of  t he t est s wi t h t hese el ect r odes.  The var i abi l i t y  

was somewhat  hi gher  t han t hat  of  t he wheel - pol i shed sampl es  

( ±3 mA/ c m2 t o ±1 mA/ c m2 ) ,  but  t he i ncr eased sensi t i vi t y compensat ed 

f or  t hi s i ncr eased var i abi l i t y.

I mpur i t y Concent r at i on and Temper at ur e  The l i near i t y of  t he 

peak cur r ent  densi t y wi t h i mpur i t y concent r a t i on i s i l l ust r at ed by 

Fi gur es 14 and 15.  Fi gur e 14 shows t he r esul t s obt a i ned f or  ger man­

i um and Fi gur e 15 f or  cobal t .  The l i near  var i a t i on of  peak cur r ent  

densi t y wi t h i mpur i t y concent r at i on i ndi cat es i ndi r ect l y t hat  t he 

r at e of  i mpur i t y  deposi t i on i s di f f us i on cont r ol l ed.  Ot her  i nvest i ­

gat or s usi ng di f f er ent  t echni ques have al so f ound t hi s t o be t he 

case f or  compar abl e i mpur i t y l evel s ( 11, 24, 27- 29) .  Fi gur e 15 al so 

i l l ust r at es t he ef f ect  of  t emper at ur e  on t he peak cur r ent  densi t y.

A t emper at ur e change f r om 35 t o 55° C r esul t s i n i ncr eased peak c ur ­

r ent  densi t i es f or  t he same l evel  of  i mpur i t y concent r at i on.  The  

t emper at ur e i ncr ease causes an enhanced i mpur i t y ef f ect  at  t he e l e c ­

t r ode and z i nc st abi l i t y i s r educed.  Hi gher  t emper at ur es  i ncr ease  

t he sensi t i v i t y  of  t he cyl i c vol t ammet r y  t echni que a l l owi ng l ower  

l evel s of  i mpur i t y det ect abi l i t y.  For  cobal t ,  t he det ect abl e l i mi t  

i s 0 . 4 mg/ 1 at  35° C and 0. 1 mg/ 1 at  55° C f or  an e l ect r ol yt e cont a i n­

i ng 6. 5 g/ 1 Zn and 200 g/ 1 H2S0 I,.

Test  Ti me The t ot al  t est  t i me of  t he vol t ammogr ams di scussed 

t hus f ar  i s appr ox i mat el y  25 mi nut es.  Thi s t est  t i me can be gr eat l y  

r educed by usi ng a f ast  scan speed f or  t he f r ont  scan ( 5 mV/ sec)  and 

a sl ow scan f r om poi nt  D on ( 0. 5 mV/ sec) .  The r esul t i ng vol t ammogr am 

i s s i mi l ar  i n shape t o t hat  obt a i ned usi ng t he sl ow scan t hr oughout .  

The peak cur r ent  densi t i es agai n show t he same t ype of  r el at i onshi p
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( p p b )  G e r m a n i u m

Fi gur e 14.  Peak Cur r ent  Densi t y  vs Ger mani um Concent r at i on.  

Scan Rat e = 0. 5 mV/ sec;  T = 45° C.
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( m g / 1 )  C o b a l t

Fi g u r e  15.  Pe a k  Cu r r e n t  De n s i t y  v s  Co b a l t  Co n c e n t r a t i o n  f o r

Va r i o u s  Te mp e r a t u r e s .  Sc a n  Ra t e  = 0 . 5  mV/ s e c .
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( m g / 1 )  C o b a l t

Fi g u r e  16.  Pe a k  Cu r r e n t  De n s i t y  vs  Co b a l t  Co n c e n t r a t i o n .  Fa s t

Sc a n  ( 5 mV/ s e c )  t o  Po i n t  D t h e n  Sl o w Sc a n  ( 0 . 5  mV/

s ec )  b a c k  t o  St a r t i n g  Po t e n t i a l .
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w i t h  i m p u r i t y  c o n c e n t r a t i o n  ( s e e  F ig u r e  1 6 ) .  T h e  r e p r o d u c i b i l i t y  i s  

n o t  as g o o d  (± 4  m A /cm 2 ) ,  b u t  t h e  t o t a l  t e s t  t im e  i s  r e d u c e d  t o  8 t o  

10 m in u t e s .

F u r t h e r  w o rk  i n  t h i s  a r e a  i s  n e c e s s a r y  t o  p r o p e r l y  d e l i n e a t e  t h e  

i n f l u e n c e  o f  t h e  p r o c e s s in g  c o n d i t i o n s  on t h e  v o lta m m o g ra m s . H o w e v e r ,  

t h e  s e n s i t i v i t y  an d  r e p r o d u c i b i l i t y  o f  t h i s  t e c h n iq u e  a r e  q u i t e  com ­

p a r a b le  t o  a t o m ic  a b s o r p t io n  a n a l y s i s .

A p p a r e n t  M e c h a n is m  o f  G e rm a n iu m  a n d  C o b a l t  I n t e r a c t i o n  a t  t h e  W o rk in g  

E le c t r o d e

The  d a ta  o b t a in e d  u s in g  t h e  c y c l i c  v o l t a n r n e t r y  t e c h n iq u e  i n d i c a t e  

t h a t  g e rm a n iu m  a n d  c o b a l t  b e h a v e  s i m i l a r l y  a t  t h e  w o r k in g  e l e c t r o d e .

T h e  p o l a r i z a t i o n  b e h a v io r  i n  b o th  c a s e s  i s  n e a r l y  t h e  sam e. The m a in  

d i f f e r e n c e  i s  t h a t  g e rm a n iu m  i n t e r a c t i o n  b e com es a p p a r e n t  a t  lo w e r  

c o n c e n t r a t i o n  l e v e l s  th a n  f o r  c o b a l t .  F o r  a s o l u t i o n  c o n t a in in g  6 . 5  

g /1  Zn a n d  2 0 0  g /1  H2S0 i, ,  a c o b a l t  c o n c e n t r a t i o n  o f  0 . 4  m g /1  was 

r e q u i r e d  t o  p ro d u c e  a p e a k  c u r r e n t  d e n s i t y  o f  2 8  m A /cm 2 . A g e rm a n iu m  

c o n c e n t r a t i o n  o f  0 .02 mg/ 1 p ro d u c e d  t h i s  same p e a k  c u r r e n t  d e n s i t y .

T h is  i n d i c a t e s  t h a t  r o u g h ly  20  t im e s  th e  a m o u n t o f  c o b a l t  as g e rm a n iu m  

i s  n e c e s s a r y  t o  p ro d u c e  s i m i l a r  p o l a r i z a t i o n  b e h a v io r .

T h e  e x c h a n g e  c u r r e n t  d e n s i t i e s  f o r  h y d ro g e n  d is c h a r g e  o n  g e rm a n ­

iu m ,  c o b a l t ,  a n d  z in c  a r e  r e p o r t e d  t o  be 1 x  1 0 ~ 5 , 4 . 5  x  1 0 “ 7 ,  a n d  

1 .2 6  x  1 0 “ 8 A /c m 2 , r e s p e c t i v e l y  ( 2 4 ) .  T h e  h ig h e r  e x c h a n g e  c u r r e n t  

d e n s i t i e s  f o r  g e rm a n iu m  a n d  c o b a l t  i n  c o m p a r is o n  t o  z in c  i n d i c a t e  t h a t  

h y d ro g e n  d is c h a r g e  on  th e s e  m e ta ls  s h o u ld  be e a s i e r  th a n  on  t h e  z i n c .

I t  i s  i n t e r e s t i n g  t h a t  t h e  r a t i o  o f  t h e  e x c h a n g e  c u r r e n t  v a lu e s  f o r  

g e rm a n iu m  a n d  c o b a l t  i s  e q u a l t o  2 1 .  T h is  r a t i o  i s  n e a r l y  t h e  sam e 

a s  t h a t  o b t a in e d  f o r  t h e  r a t i o  o f  c o b a l t  t o  g e rm a n iu m  n e e d e d  t o  p ro d u c e
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equi va l ent  peak cur r ent  densi t i es.  I t  appear s t hat  t he i nt er act i on of  

t he i mpur i t y i s dependent  on i t s abi l i t y t o act  as a si t e of  hydr ogen 

di schar ge.  The degr ee of  z i nc cor r osi on and consequent  l oss i n z i nc 

cur r ent  e f f i c i ency  depend on t he concent r at i on of  i mpur i t y i n t he 

sol ut i on.  The i nst abi l i t y  of  t he z i nc,  as shown by t he cycl i c be hav ­

i or  of  t he z i nc deposi t  i n t he pr esence of  t hese i mpur i t i es and t he 

massi ve  amount s of  hydr ogen t hat  ar e l i ber at ed at  t he e l ect r ode as t he 

z i nc di ssol ves,  seem t o conf i r m a l ocal  cel l  t ype of  i mpur i t y i nt er ­

act i on.  The cobal t  and ger mani um si t es act  as l ocal  cat hodes and I he 

adj acent  z i nc si t es as l ocal  anodes.

As t he deposi t i on pr ocess st ar t s,  bot h t he i mpur i t i es and t he  

z i nc ar e deposi t ed over  t he whol e e l ect r ode sur f ace.  The deposi t i on 

r at e of  t he i mpur i t y  i s pr opor t i onal  t o i t s concent r a t i on i n t he 

el ect r ol yt e s i nce t he r at e i s di f f us i on- cont r ol l ed.  The sur f ace  

r emai ns gener a l l y  smoot h dur i ng t he i ni t i al  deposi t i on per i od,  and a 

uni f or m cat hode pot ent i al  exi st s wi t hout  t he pr esence of  any ext ensi ve  

mi xed pot ent i al  r egi ons.  Af t er  a cer t a i n t i me,  act i vat i on of  t he c o ­

deposi t ed i mpur i t i es begi ns due t o changes i n t he mor phol ogy or  

sur f ace r oughness.  When t he sur f ace becomes r ough,  t he speci f i c  

cat hode cur r ent  densi t y  decr eases at  t he r ecessed ar eas.  A l ocal  

pot ent i al  di f f er ence i s cr eat ed,  and z i nc cor r osi on i s i ni t i at ed.  As 

t he z i nc cor r odes,  mor e i mpur i t y i s exposed,  and i t  t ends t o aggl o­

mer at e  s i nce i t  i s cat hodi ca l l y  pr ot ect ed.  Hydr ogen evol ut i on 

i ncr eases because mor e si t es f avor abl e t o hydr ogen di schar ge ar e  

uncover ed.  The r e- sol ut i on of  t he z i nc pr oceeds at  an ever  i ncr eas ­

i ng r at e.  The pH at  t he cor r osi on si t e can al so be hi gher  due t o a 

def i c i ency i n H+ i ons whi ch ar e r educed t o hydr ogen.  Thus,  t he
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p o t e n t i a l  d i f f e r e n c e s  b e tw e e n  t h e  c o r r o d in g  a n d  n o n - c o r r o d in g  a re a s  

a r e  a c c e n t u a t e d ,  t h e r e b y  i n c r e a s in g  t h e  d r i v i n g  f o r c e  o f  t h e  r e a c t i o n .  

O n ce  t h e  p r o c e s s  i s  i n i t i a t e d ,  i t  c a n  s o m e tim e s  becom e a u t o - c a t a l y t i c .

The  r e s u l t s  o f  t h e  c y c l i c  t e s t s  s u p p o r t  t h e  a b o v e  m e c h a n is m . 

C y c l in g  o f  t h e  z in c  i n  t h e  p re s e n c e  o f  t h e  i m p u r i t i e s ;  t h e  f o r m a t io n  

o f  a p e a k  c u r r e n t  d e n s i t y ;  t h e  m a s s iv e  a m o u n ts  o f  h y d ro g e n  e v o lu t i o n  

t h a t  a c c o m p a n y  z in c  d i s s o l u t i o n ;  a n d  t h e  f a v o r a b le  e x c h a n g e  c u r r e n t  

c h a r a c t e r i s t i c s  o f  g e rm a n iu m  a n d  c o b a l t  a l l  t e n d  t o  c o n f i r m  t h e  p r o ­

p o s e d  m e c h a n is m  o f  I m p u r i t y  I n t e r a c t i o n .

V o lta m m o g ra m  f o r  E l e c t r o l y t e s  C o n t a in in g  A n t im o n y

T h e  p o l a r i z a t i o n  b e h a v io r  o b t a in e d  f o r  s o l u t i o n s  c o n t a i n i n g  a n t i ­

m o n y  i s  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h a t  o f  e i t h e r  t h e  n o - a d d i t i o n  

e l e c t r o l y t e  o r  t h a t  f o r  e l e c t r o l y t e s  c o n t a in in g  c o b a l t  o r  g e rm a n iu m . 

S e v e r a l  c h a n g e s  i n  t h e  v o lta m m o g ra m  a r e  fo u n d  ( s e e  F ig u r e  1 7 ) .  F i r s t ,  

t h e  i n i t i a l  h y d ro g e n  r e d u c t i o n  c u r r e n t  d e n s i t i e s  f r o m  p o in t s  A t o  C 

a r e  lo w e r  f o r  t h e  a n t im o n y - c o n t a in in g  e l e c t r o l y t e s  a n d  t h i s  e f f e c t  

b e co m e s  g r e a t e r  a s  t h e  z in c  c o n c e n t r a t i o n  i s  r e d u c e d .  F o r  an  e l e c t r o ­

l y t e  c o n t a i n i n g  6 . 5  g /1  Zn a n d  2 0 0  g /1  HzSOi* a n d  no  a n t im o n y  t h e  c u r ­

r e n t  d e n s i t y  a t  p o i n t  B ( t h e  m axim um  h y d ro g e n  r e d u c t i o n  c u r r e n t  

d e n s i t y  f o r  t h e  f r o n t  s w e e p ) i s  g r e a t e r  t h a n  15 m A /cm 2 , b u t  f o r  a 

s o l u t i o n  c o n t a i n i n g  10 4  ppb S b , i t  i s  l e s s  th a n  8 m A /cm 2 . V o lta m m o ­

g ra m s  o b t a in e d  f o r  n o n - z in c  a c id  e l e c t r o l y t e s  w i t h  a n d  w i t h o u t  a n t i ­

m o ny  a d d i t i o n  a ls o  sh o w  t h i s  b e h a v io r .  T h is  i s  i l l u s t r a t e d  b y  t h e  

r e s u l t s  sh o w n  i n  T a b le  I V .  As c a n  b e  s e e n ,  t h e  c u r r e n t  d e n s i t y  

o b t a in e d  f o r  t h e  a n t im o n y - c o n t a in in g  e l e c t r o l y t e  i s  g r e a t l y  r e d u c e d  

a t  a l l  t h e  p o t e n t i a l  v a lu e s  l i s t e d .
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- 0 . 6  - 0 . 7  - 0 . 8  - 0 . 9

F ig u r e  1 7 . V o lta m n o g ra m  O b ta in e d  f o r  E l e c t r o l y t e s  C o n t a in in g

A n t im o n y  A d d i t i o n s .  T = 4 5 ° C ; S ca n  R a te  = 0 . 5  m V /s e c .
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Tabl e I V.  Compar i son of  Cur r ent  Densi t i es Obt ai ned f or  200 g / l  H2S0. * 

El ect r ol yt es Wi t h and Wi t hout  104 ppb Sb.

Pot ent i al  Cur r ent  Densi t y ( mA/ cm2 )

vs S. H. E. No Ant i mony 104 ppb  A n t im o n y

- 0. 60 1 1 . 0 2. 7

- 0. 65 25. 0 4. 7

- 0. 70 46. 0 7. 0

- 0. 75 72. 0 11. 5

- 0. 80 1 0 0 . 0 17. 5

- 0. 85 135. 0 29. 0
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T h e  s e c o n d  d i f f e r e n c e  i n  t h e  v o lta m m o g ra m  o c c u r s  a t  p o i n t  x .  T h e  

z in c  d e p o s i t i o n  p o t e n t i a l  ( p o i n t  C ) i s  t h e  same a s  t h a t  o b t a in e d  f o r  

t h e  o t h e r  e l e c t r o l y t e s ,  b u t  t h e  p o t e n t i a l  n e c e s s a r y  t o  p ro d u c e  a c u r ­

r e n t  d e n s i t y  o f  10 m A/cm  ( p o i n t  x )  i s  le s s  e l e c t r o n e g a t i v e  f o r  

s o l u t i o n s  c o n t a i n i n g  a n t im o n y .  T h e  p o t e n t i a l  a t  t h i s  p o i n t  f o r  a 

s o l u t i o n  c o n t a i n i n g  10 4  p p b  Sb i s  - 0 . 7 9 7  V v s  S .H .E .  c o m p a re d  t o  

- 0 . 8 0 6  V v s  S .H .E .  f o r  a n o - a d d i t i o n  e l e c t r o l y t e .

T h is  d e p o l a r i z a t i o n  e f f e c t  i s  a l s o  r e f l e c t e d  i n  t h e  m o rp h o lo g y  o f  

t h e  d e p o s i t e d  z i n c .  T h e  d e p o s i t  w as o b t a in e d  b y  s c a n n in g  t o  p o i n t  D 

a n d  th e n  h o ld in g  t h e  p o t e n t i a l  c o n s t a n t  a t  t h i s  p o i n t  f o r  1 m in u te .

T h e  z in c  c r y s t a l l i t e s  a r e  s i g n i f i c a n t l y  l a r g e r  t h a n  th o s e  o b t a in e d  f o r  

t h e  n o n - a n t im o n y  c o n t a i n i n g  e l e c t r o l y t e s  a n d  l a r g e  s e c t i o n s  o f  t h e  

a lu m in u m  s u b s t r a t e  a r e  n o t  c o v e r e d  b y  t h e  z in c  ( s e e  F ig u r e  1 8 ) .

T h e  b a c k  s c a n  i s  q u i t e  s i m i l a r  t o  t h a t  o b t a in e d  f o r  t h e  n o ­

a d d i t i o n  e l e c t r o l y t e .  T h e re  i s  a s l i g h t  i n f l e c t i o n  a t  p o i n t  i ,  b u t  

t h i s  i s  m uch le s s  p ro n o u n c e d  th a n  t h a t  o b t a in e d  f o r  g e rm a n iu m -  

c o n t a in in g  e l e c t r o l y t e s  o f  c o m p a ra b le  c o n c e n t r a t i o n  l e v e l .  T h e  z in c  

s t a b i l i t y  p o t e n t i a l  i s  a l s o  q u i t e  s i m i l a r .  A l a r g e  a n o d ic  d i s s o l u t i o n  

a r e a  i s  a l s o  fo u n d  f o r  t h e  a n t im o n y - c o n t a in in g  e l e c t r o l y t e s .  T h e re  

i s ,  h o w e v e r ,  o n e  f i n a l  d i f f e r e n c e  on t h e  v o lta m m o g ra m . A f t e r  a l l  

t h e  z in c  h a s  d is s o l v e d  ( a p p r o x ,  a t  p o i n t  F ) ,  t h e  c u r r e n t  a g a in  becom es 

c a t h o d i c ,  b u t  i n s t e a d  o f  a p p r o a c h in g  t h a t  o b t a in e d  on  t h e  f r o n t  s c a n ,  

i t  i s  a c t u a l l y  so m e w h a t lo w e r .

T h e  d i f f e r e n c e s  i n  t h e  p o l a r i z a t i o n  b e h a v io r  a n d  m o rp h o lo g y  f o r  

t h e  a n t im o n y - c o n t a in in g  e l e c t r o l y t e s  s u g g e s t  t h a t  t h e  m e c h a n is m  o f  

a n t im o n y  i n t e r a c t i o n  a t  t h e  e l e c t r o d e  i s  d i f f e r e n t  t h a n  t h a t  o f  c o b a l t  

o r  g e rm a n iu m . O th e r  i n v e s t i g a t o r s  b e l i e v e  t h a t  a n t im o n y  i n t e r a c t s  a t
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F ig u r e  18.  Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  

C o n t a in in g  65 g / £  Z n , 200 g / £  H2S0. , ,  

a n d  104 ppb Sb.  P o t e n t i a l  H e ld  at  

P o in t  D f o r  1 M in u te .  ( 3000x )



9 9

t he e l ect r ode by f or mi ng vol at i l e  hydr i des ( see r eact i on 8,  Tabl e I I )  

( 2, 12) .  The f or mat i on of  t hese hydr i des can pr ovi de an a l t er nat i ve  

pat h f or  hydr ogen evol ut i on and may ai d i n r emoval  of  adsor bed at omi c  

hydr ogen f r om t he e l ect r ode sur f ace.  Ei t her  act i on woul d r esul t  i n 

decr eased pol ar i z at i on at  t he el ect r ode.  Thi s decr eased pol ar i z at i on 

l eads t o a r educt i on i n z i nc nucl eat i on and an i ncr ease i n t he si z e  

of  t he obser ved z i nc pl at el et s.  The r esul t s of  t hi s i nvest i gat i on 

suppor t  t hi s mechani sm of  ant i mony i nt er act i on.

Vol t ammogr ams f or  El ect r ol yt es Co nt a i n i ng  Gl ue

The pol ar i z at i on char act er i s t i cs  f or  e l ect r ol yt es cont a i ni ng gl ue  

ar e i l l ust r at ed by t he vol t ammogr am i n Fi gur e 19.  The i ni t i al  par t  of  

t he scan f r om A t o C i s a l most  i dent i cal  t o t hat  obt ai ned f or  t he no­

addi t i on el ect r ol yt es and z i nc deposi t i on begi ns at  pot ent i al s ver y  

cl ose t o t hat  f or  t he non- gl ue el ect r ol yt es.  Af t er  z i nc deposi t i on 

begi ns,  however ,  a change i n t he pol ar i z at i on behavi or  i s f ound.  A 

char act er i s t i c  hump i n t he pol ar i z at i on cur ve ( poi nt  C t o poi nt  z)  i s 

f ound and t hi s becomes mor e pr onounced as t he gl ue concent r a t i on i s 

i ncr eased.  I n addi t i on,  t he pot ent i al  necessar y  t o obt ai n a cur r ent  

densi t y  of  10 mA/ c m2 ( poi nt  x)  i s mor e  e l ect r onegat i ve t han t hat  f or  

t he e l ect r ol yt es  cont ai ni ng no gl ue addi t i on.  The pot ent i al  at  poi nt  

x f or  an e l ect r ol y t e  cont a i ni ng 65 g/ 1 Zn,  200 g/ 1 H2S0^,  and 10 mg/ 1 

gl ue i s - 0 . 845 V vs S. H. E.  compar ed t o - 0. 806 V vs S. H. E.  f or  t he 

el e ct r ol y t e  wi t hout  gl ue addi t i on.  Thi s i ncr eased pol ar i z a t i on i s 

most  l i kel y  due t o t he adsor pt i on of  gl ue ont o t he gr owi ng z i nc  

deposi t  at  t he e l ect r ode whi ch makes f ur t her  z i nc deposi t i on mor e  

di f f i cul t  ( 2- 4, 30- 33) .  The mor phol ogy of  t he z i nc deposi t  i s al so 

af f ect ed by t he pr esence of  gl ue i n t he e l ect r ol yt e  ( see Fi gur e 20) .
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- 0 . 6 - 0.7  - 0.8  - 0 . 9

V o l t s  v s .  S . H . E .

Fi gur e 19.  Vot l ammogr am Obt ai ned f or  El ect r ol yt es Cont ai ni ng 

Gl ue Addi t i ons.  T = 45° C;  Scan Rat e = 0. 5 mV/ sec.
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F ig u r e  2 0 .  Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  

C o n t a in in g  65  g / £  Z n ,  2 0 0  g / l  H2SO4 , 

an d  10 m g / £ G lu e .  P o t e n t i a l  H e ld  a t  

P o in t  D f o r  1 M in u t e .  ( 3 0 0 0 x )
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T h e  d e p o s i t  w as o b t a in e d  i n  t h e  sam e f a s h io n  a s  b e f o r e .  T h e  s i z e  

o f  t h e  z in c  p l a t e l e t s  i s  m a r k e d ly  s m a l le r  th a n  t h a t  f o r  t h e  n o n - g lu e  

e l e c t r o l y t e s  a n d  s i g n i f i c a n t  c lu m p in g  o f  t h e  c r y s t a l l i t e  o c c u r s .  The 

in c r e a s e d  p o l a r i z a t i o n  c a u s e d  b y  g lu e  a d s o r p t io n  c a u s e s  m o re  n u c le a t i o n  

a n d  h in d e r s  c r y s t a l l i n e  g ro w th  r e s u l t i n g  in  a f i n e r  g r a in e d  d e p o s i t  

b e c a u s e  m o re  e n e r g y  i s  a v a i l a b l e  t o  c a u s e  n u c le a t i o n  a t  t h e  m o re  

e l e c t r o n e g a t i v e  p o t e n t i a l .

T h e  v o lta m m o g ra m  f r o m  p o i n t  D b a c k  t o  t h e  s t a r t i n g  p o t e n t i a l  i s  

s i m i l a r  t o  t h a t  o b t a in e d  f o r  t h e  n o - a d d i t i o n  e l e c t r o l y t e .  T h e  e f f e c t s  

o f  g lu e  a d d i t i o n  m o s t ly  i n f l u e n c e  t h e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  o f  

t h e  f r o n t  s c a n .

E f f e c t s  o f  G lu e - I m p u r i t y  C o m b in a t io n s  o n  Z in c  P o l a r i z a t i o n  B e h a v io r

A n t im o n y - G lu e  C o m b in a t io n s  A n t im o n y  a n d  g lu e  i n t e r a c t i o n s  a t  th e  

e l e c t r o d e  c a u s e  m e a s u ra b le  c h a n g e s  i n  p o l a r i z a t i o n  t h a t  m a in ly  a f f e c t  

t h e  f r o n t  s c a n  p o r t i o n  o f  t h e  v o lta m m o g ra m . A n t im o n y  c a u s e s  d e p o l a r i ­

z a t i o n  t o  o c c u r  a n d  g lu e  a d d i t i o n  c a u s e s  s i g n i f i c a n t  p o l a r i z a t i o n .  

C u r r e n t  e f f i c i e n c y  s t u d ie s  c o n d u c te d  p r i o r  t o  t h e  c y c l i c  v o l t a m m e t r y  

s t u d ie s  sh o w  t h a t  a n t im o n y  a n d  g lu e  te n d  t o  c o u n t e r a c t  e a c h  o t h e r  and  

t h e  p r o p e r  c o m b in a t io n  o f  t h e  tw o  r e s u l t  i n  o p t im u m  c u r r e n t  e f f i c i e n ­

c i e s  ( 1 ) .  T h is  e f f e c t  i s  r e f l e c t e d  i n  t h e  p o l a r i z a t i o n  b e h a v io r  fo u n d  

f o r  a c o m b in a t io n  o f  1 0 4  pp b  Sb a n d  10 m g /1  g lu e .  T h e  v o lta m m o g ra m  

o b t a in e d  i s  q u i t e  s i m i l a r  t o  t h a t  o f  t h e  n o - a d d i t i o n  e l e c t r o l y t e .

T h e  p o t e n t i a l  r e q u i r e d  t o  p ro d u c e  a c u r r e n t  o f  10 m A /cm 2 ( p o i n t  x )  i s  

- 0 . 8 2 0  V v s  S .H .E .  f o r  t h e  a n t im o n y - g lu e  c o m b in a t io n .  T h is  v a lu e  i s  

b e tw e e n  t h a t  o f  t h e  e l e c t r o l y t e  c o n t a in in g  o n ly  a n t im o n y  ( - 0 . 7 9 7  V vs  

S . H . E . )  a n d  t h a t  o f  t h e  e l e c t r o l y t e  c o n t a in in g  g lu e  a lo n e  ( - 0 . 8 4 5  V 

v s  S . H . E . ) .  T h e  p o t e n t i a l  a t  p o i n t  x  d e p e n d s  on t h e  l e v e l s  o f  g lu e
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a n d  a n t im o n y  i n  t h e  e l e c t r o l y t e .  O th e r  i n v e s t i g a t o r s  u s in g  s i m i l a r  

r e f e r e n c e  p o in t s  h a v e  a t t e m p te d  t o  o p t im iz e  t h e  l e v e l  o f  g lu e  a d d i t i o n  

f o r  a n t im o n y - c o n t a in in g  e l e c t r o l y t e s  b y  m a tc h in g  t h e  p o t e n t i a l  f o r  t h e  

a n t im o n y - g lu e  c o m b in a t io n  w i t h  t h a t  o f  t h e  n o - a d d i t i o n  e l e c t r o l y t e  

( 2 , 4 ) .  T h e  t e c h n iq u e  a p p e a rs  t o  be q u i t e  p r o m is in g .  M o re  r e s e a r c h  

s h o u ld  b e  c o n d u c te d  i n  t h i s  a re a  a n d  t h e  r e s u l t s  s h o u ld  be c o r r e l a t e d  

w i t h  c u r r e n t  e f f i c i e n c y  s t u d ie s  f o r  l o n g - t im e  d e p o s i t s .

C o m b in a t io n s  o f  G lu e  w i t h  G e rm a n iu m  o r  C o b a l t  C o m b in a t io n s  o f  

g lu e  w i t h  g e rm a n iu m  o r  c o b a l t  r e s u l t  i n  v o lta m m o g ra m s  o f  t h e  fo r m  

sh o w n  i n  F ig u r e  2 1 . B o th  g lu e  a n d  i m p u r i t y  b e h a v io r  a r e  a p p a r e n t  f o r  

t h i s  t y p e  o f  v o lta m m o g ra m . T h e  p o t e n t i a l  a t  p o i n t  x  be com es m o re  

e l e c t r o n e g a t i v e  w i t h  i n c r e a s in g  g lu e  c o n c e n t r a t i o n  a n d  th e  p e a k  c u r ­

r e n t  d e n s i t y  ( a i )  i s  r e d u c e d .  T h e  v a r i a t i o n  i n  p o t e n t i a l  a t  p o i n t  x 

f o r  s o l u t i o n s  c o n t a in in g  10 0  ppb  Ge a n d  8 m g /1  Co w i t h  g lu e  c o n c e n ­

t r a t i o n  i s  sh o w n  b y  F ig u r e s  22  a n d  2 3 ,  r e s p e c t i v e l y .  T h e  i n i t i a l  

a d d i t i o n  o f  g lu e  c a u s e s  t h e  p o t e n t i a l  t o  becom e m o re  e l e c t r o n e g a t i v e  

q u i t e  r a p i d l y ,  b u t  t h e  r e l a t i v e  c h a n g e  d e c re a s e s  w i t h  f u r t h e r  g lu e  

a d d i t i o n s .  T h e  c h a n g e  i n  p o t e n t i a l  i s  m uch l a r g e r  f o r  g e rm a n iu m -  

c o n t a i n i n g  e l e c t r o l y t e s  th a n  f o r  c o b a l t .  G lu e  a ls o  c a u s e s  t h e  p e a k  

c u r r e n t  d e n s i t y  t o  d r o p ,  b u t  t h e  e f f e c t  i s  l i m i t e d  a n d  an  o p t im u m  

g lu e  l e v e l  seem s t o  e x i s t .  T h is  i s  i l l u s t r a t e d  b y  t h e  r e s u l t s  show n 

i n  F ig u r e s  24  a n d  2 5 . F o r  a n  e l e c t r o l y t e  c o n t a i n i n g  10 0  p p b  G e , t h e  

p e a k  c u r r e n t  d e n s i t y  i s  2 8  m A /cm 2 w hen  no g lu e  i s  p r e s e n t  i n  t h e  

s o l u t i o n .  As g lu e  i s  a d d e d ,  t h e  p e a k  c u r r e n t  d e n s i t y  d ro p s  t o  a lo w  

v a lu e  o f  5 . 4  m A /cm 2 a n d  t h e n  b e g in s  t o  i n c r e a s e .  T h e  m in im u m  p e a k  

c u r r e n t  d e n s i t y  w as o b t a in e d  f o r  a g lu e  c o n c e n t r a t i o n  o f  a p p r o x im a te ­

l y  13 m g /1 .  T h e  c h a n g e  i n  p e a k  c u r r e n t  d e n s i t y  w i t h  g lu e  a d d i t i o n
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J I I_________ ■ I________ I___________ I

- 0 . 6  - 0. 7  - 0.8  - 0. 9

V o l t s  vs.  S . H . E .

Fi g u r e  21.  Vo l t a mmo g r a m Ob t a i n e d  f o r  El e c t r o l y t e s  Co n t a i n i n g

Gl u e  a n d  Co b a l t  o r  Ge r ma n i u m Ad d i t i o n s .  T = 45 ° C;

Sc a n  Ra t e  = 0 . 5  mV/ s e c .



1 0 5

(m g /1 )  G l u e

Fi gur e 22.  Pot ent i al  at  Poi nt  X vs Gl ue Concent r at i on f or  El ec ­

t r ol yt es Cont ai ni ng Ger mani um Addi t i ons.  T = 45° C;  

Scan Rat e = 0 . 5  mV/ sec.
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( m g / 1 )  G l u e

F ig u r e  2 3 .  P o t e n t i a l  a t  P o in t  X v s  G lu e  C o n c e n t r a t io n  f o r  E le c ­

t r o l y t e s  C o n t a in in g  C o b a l t  A d d i t i o n s .  T = 4 5 ° C ;

S ca n  R a te  = 0 . 5  m V /s e c .
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t r o l y t e s  Co n t a i n i n g  Ge r ma n i u m Ad d i t i o n s .  T = 4 5 ° C;

Sc a n  Ra t e  = 0 . 5  mV/ s e c .
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t r o l y t e s  Co n t a i n i n g  Co b a l t  Ad d i t i o n s .  T = 4 5 ° C;

Sc a n  Ra t e  = 0 . 5  mV/ s e c .
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i s  n o t  as  l a r g e  f o r  t h e  c o b a l t - c o n t a i n i n g  e l e c t r o l y t e s .  T h is  c a n  be  

s e e n  i n  F ig u r e  2 5 . F o r  an  e l e c t r o l y t e  c o n t a in in g  8 m g /1  Co an d  no 

g lu e  a d d i t i o n ,  t h e  p e a k  c u r r e n t  d e n s i t y  i s  1 6 .5  m A /cm 2 . As g lu e  i s  

a d d e d  t o  t h e  e l e c t r o l y t e ,  t h e  p e a k  c u r r e n t  i s  re d u c e d  a n d  re a c h e s  a 

m in im u m  a t  a g lu e  c o n c e n t r a t i o n  o f  7 m g /1 .  T h e  p e a k  c u r r e n t  d e n s i t y  

a t  t h i s  m in im u m  i s  7 .1  m A /cm 2 . A f t e r  t h i s  p o i n t  t h e  p e a k  c u r r e n t  

d e n s i t y  g r a d u a l l y  r i s e s .  T h e  g lu e  a d d i t i o n  i n  r e d u c in g  t h e  p e a k  

c u r r e n t  d e n s i t y  m akes t h e  d e p o s i t e d  z in c  m o re  s t a b l e  a n d  t h i s  i s  

i l l u s t r a t e d  b y  t h e  d e p o s i t  m o r p h o lo g ie s  show n i n  F ig u r e s  26 an d  2 7 .  

T h e  d e p o s i t s  w e re  o b t a in e d  b y  s c a n n in g  p a s t  p o i n t  D t o  - 0 . 7 8 5  V vs  

S .H .E .  a n d  h o ld in g  a t  t h i s  p o t e n t i a l  f o r  1 m in u t e .  T h e  d e p o s i t  

o b t a in e d  u s in g  t h e  e l e c t r o l y t e  c o n t a in in g  c o b a l t  a lo n e  sh o w s  m a rk e d  

s ig n s  o f  z i n c  d i s s o l u t i o n .  The  p l a t e l e t  e d g e s  a r e  ro u n d e d  an d  

i n d i s t i n c t .  S i g n i f i c a n t  p o r t i o n s  o f  t h e  a lu m in u m  s u b s t r a t e  a re  

p l a i n l y  v i s i b l e .  W ith  g lu e  a d d e d ,  t h e  d e p o s i t  i s  g r e a t l y  im p ro v e d .  

T h e  p l a t e l e t  e d g e s  a r e  r e l a t i v e l y  s h a r p  a n d  m uch m o re  z in c  re m a in s  

o n  t h e  a lu m in u m  s u b s t r a t e .  T h e  s t r u c t u r e  o f  t h e  d e p o s i t  i s  s i m i l a r  

t o  t h a t  o b t a in e d  f o r  e l e c t r o l y t e s  c o n t a in in g  g lu e  a lo n e .  T h e  z in c  

d e p o s i t  m o r p h o lo g ie s  f o r  e l e c t r o l y t e s  c o n t a in in g  g e rm a n iu m  w i t h  an d  

w i t h o u t  g lu e  a r e  s i m i l a r .

I t  i s  c o n s id e r e d  s i g n i f i c a n t  t h a t  t h e  c o m b in a t io n  o f  g lu e  and  

g e rm a n iu m  w h ic h  g iv e s  t h e  lo w e s t  p e a k  c u r r e n t  d e n s i t y  w a s  fo u n d  t o  

c o r r e s p o n d  t o  t h e  o p t im u m  l e v e l  o f  g lu e  a d d i t i o n  f o r  t h i s  l e v e l  o f  

g e rm a n iu m  b y  12 h o u r  c u r r e n t  e f f i c i e n c y  s t u d ie s  w h ic h  w e re  c o n d u c te d  

p r i o r  t o  t h e  c y c l i c  t e s t s  ( 1 ) .  T h is  m ay mean t h a t  t h e  c y c l i c  v o l t ­

a m m e try  t e c h n iq u e  i s  u s e f u l  i n  o p t im i z i n g  t h e  l e v e l  o f  g lu e  a d d i t i o n  

f o r  e l e c t r o l y t e s  c o n t a in in g  g e rm a n iu m  a n d  c o b a l t  t y p e s  o f  i m p u r i t i e s .



no

F ig u r e  2 6 .  Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  

C o n t a in in g  65 g / l  Z n ,  2 0 0  g / £  ^ S O i* ,  

a n d  8 mg/ £  C o . P o t e n t i a l  H e ld  a t  

- 0 . 7 8 5  V v s  S .H .E .  f o r  1 M in u te .  

( 3 0 0 0 x )



I l l

F ig u r e  2 7 . Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  

C o n t a in in g  65 g / £  Z n , 2 0 0  g / £  ^ S O i* ,

8 mgf t  C o , an d  10 mgl l  G lu e .  P o te n ­

t i a l  H e ld  a t  - 0 . 7 8 5  V v s  S .H .E .  f o r  

1 M in u t e .  ( 3 0 0 0 x )
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I f  s h o r t  t e r m  e le c t r o c h e m ic a l  c h a r a c t e r i z a t i o n s  c o u ld  b e  u s e d  f o r  e v a ­

l u a t i n g  s o l u t i o n  e f f e c t s ,  i t  w o u ld  be  o f  u s e  i n  r o u t i n e  i n d u s t r i a l  

p r o c e s s  c o n t r o l  a n d  i n  m o re  b a s ic  l a b o r a t o r y  s t u d ie s  as  w e l l .

T h e  a c t i o n  o f  g lu e  i n  c o u n t e r a c t i n g  t h e  e f f e c t s  o f  t h e  i m p u r i t i e s  

i s  n o t  w e l l  u n d e r s to o d .  Some e x p la n a t io n s  h a v e  b e e n  o f f e r e d  t o  a c c o u n t  

f o r  t h e  r e s u l t s .  I n v e s t i g a t o r s  b e l i e v e  t h a t  g lu e  a d s o r p t io n  c a u s e s  

m o re  n u c l e a t i o n  a n d  h in d e r s  c r y s t a l l i n e  g r o w th  r e s u l t i n g  i n  a f i n e r  

g r a in e d  a n d  m o re  u n fo rm  d e p o s i t  ( 3 , 3 0 , 3 1 ) .  A m o re  u n i f o r m  d e p o s i t  h i n ­

d e r s  t h e  f o r m a t io n  o f  l o c a l  c e l l s ,  a n d  th e  e f f e c t s  o f  t h e  i m p u r i t i e s  

a r e  t h e r e f o r e  r e d u c e d .  A n o th e r  f a c t o r  w h ic h  ha s  b e e n  m e n t io n e d  i s  t h a t  

t h e  o r g a n i c  a d d i t i v e  lo w e r s  t h e  s u r f a c e  t e n s io n  a t  t h e  c a th o d e  s u r f a c e  

a n d  p ro m o te s  re m o v a l o f  a d s o rb e d  g a s  b u b b le s  w h ic h  h in d e r  z in c  d e p o s i ­

t i o n  ( 3 2 ) .  R e m ova l o f  t h e  g a s  b u b b le s  a ls o  p ro m o te s  a m o re  u n i f o r m  

d e p o s i t .  F o r  a h y d r id e  f o r m e r  s u c h  as a n t im o n y ,  t h e  o r g a n ic  a d d i t i v e  

may h in d e r  f o r m a t io n  o f  t h e  h y d r id e  b y  a d s o r b in g  o n to  t h e  d e p o s i t e d  

m e ta l a n d  th u s  b lo c k in g  h y d ro g e n  a c c e s s  t o  t h e  m e t a l .  T h is  a s su m e s  

t h a t  t h e  h y d r id e  f o r m a t io n  ta k e s  p la c e  on t h e  c a th o d e  s u r f a c e  a n d  n o t  

i n  t h e  d o u b le  l a y e r .  I t  h a s  b e e n  fo u n d  t h a t  t h e  a m o u n t o f  a n t im o n y  i n  

t h e  d e p o s i t  in c r e a s e s  u p o n  a d d i t i o n  o f  g lu e  t o  t h e  s o l u t i o n  ( 2 9 , 3 4 ) .  

F u r t h e r  w o rk  i s  n e c e s s a r y  t o  c o n f i r m  t h e  m e c h a n is m  o f  g lu e  i n t e r a c t i o n .

A l t h o u g h  t h e  a d d i t i o n  o f  g lu e  i s  b e n e f i c i a l  f o r  e l e c t r o l y t e s  

c o n t a in in g  g e rm a n iu m  o r  c o b a l t ,  t h e  g lu e  seem s t o  be  m o re  e f f e c t i v e  

i n  t h e  c a s e  o f  g e rm a n iu m . T h e  p e a k  c u r r e n t  d e n s i t y  a n d  p o t e n t i a l  

c h a n g e s  a r e  g r e a t e r  f o r  t h e  g e r m a n iu m - c o n ta in in g  e l e c t r o l y t e s .  T h is  

m ay b e  d u e  t o  t h e  l e v e l s  o f  i m p u r i t i e s  u s e d  i n  t h e  tw o  c a s e s .  I f  

o n e  a s s u m e s  t h a t  t h e  m a in  b e n e f i t  o f  t h e  g lu e  i s  t o  m in im iz e  l o c a l  

c e l l  f o r m a t io n  b y  m a k in g  t h e  d e p o s i t  m o re  u n i f o r m ,  a s  d e s c r ib e d
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a b o v e ,  t h e n  t h i s  e f f e c t  s h o u ld  b e  s t r o n g e r  i f  t h e r e  a r e  le s s  s i t e s  f o r  

t h e  f o r m a t io n  o f  l o c a l  g a l v a n i c  c e l l s .  T h e  n u m b e r o f  s i t e s  fo rm e d  i s  

p r o p o r t i o n a l  t o  t h e  a m o u n t o f  im p u r i t y  i n  t h e  s o l u t i o n .  S in c e  th e  

c o b a l t  l e v e l  i s  s i g n i f i c a n t l y  h ig h e r  th a n  t h e  g e rm a n iu m  l e v e l ,  m o re  

c o b a l t  s i t e s  a r e  a v a i l a b l e  t o  fo r m  t h e  l o c a l  c e l l s  an d  t h e  b e n e f i c i a l  

a c t i o n  o f  t h e  g lu e  m ay b e  l e s s  b e c a u s e  o f  t h i s .

P o s s ib le  A p p l i c a t i o n s  o f  t h i s  T e c h n iq u e

The  u s e  o f  c y c l i c  v o l t a m m e t r y  t e c h n iq u e s  i n  g lu e  a d d i t i o n  o p t i m i ­

z a t i o n  h a s  a l r e a d y  b e e n  d is c u s s e d .  O t h e r  p o s s ib le  a p p l i c a t i o n s  a ls o  

e x i s t .  I t  m ay be  p o s s ib le  t o  c l a s s i f y  common i m p u r i t i e s  s u c h  as 

n i c k e l ,  i r o n ,  c o p p e r ,  a r s e n i c ,  e t c .  a n d  t h e i r  mode o f  i n t e r a c t i o n  b y  

c o m p a r is o n  o f  v a r i o u s  r e f e r e n c e  v o lta m m o g ra m s .  T h is  c o u ld  le a d  t o  a 

m o re  d e f i n i t i v e  u n d e r s t a n d in g  o f  t h e  r e a s o n s  f o r  t h e  e f f e c t s  o b s e rv e d  

f o r  d i f f e r e n t  i m p u r i t i e s .  T h is  m ig h t  a ls o  p r o v e  t o  be  an e f f e c t i v e  

m e th o d  f o r  s c r e e n in g  p o s s ib le  r e m e d ia l  t r e a t m e n t s  f o r  im p r o v in g  p r o ­

c e s s  e f f i c i e n c y .  A b a s ic  v o lta m m o g ra m  c o u ld  b e  r u n  on p u r i f i e d  p l a n t  

s o l u t i o n  p r i o r  t o  r e le a s e  o f  t h e  s o l u t i o n  t o  t h e  t a n k  h o u s e .  Low 

l e v e l s  o f  i m p u r i t y  a r e  d e t e c t e d  u s in g  t h i s  t e c h n iq u e  a n d  som e p r o c e s s  

c o n t r o l  m ay b e  p o s s ib le  b y  c o m p a r in g  t h e  v o lta m m o g ra m  o b t a in e d  f o r  

t h e  p u r i f i e d  s o l u t i o n  w i t h  t h a t  o b t a in e d  f o r  a s o l u t i o n  w h ic h  i s  

kn o w n  t o  h a v e  g iv e n  g o o d  c u r r e n t  e f f i c i e n c i e s .  I f  t h e y  a r e  s i m i l a r ,  

t h e n  f u r t h e r  a n a l y t i c a l  t e s t s  on  t h e  s o l u t i o n  w o u ld  be u n n e c e s s a r y .

I f  t h e y  d i f f e r ,  t h e n  f u r t h e r  a c t i o n  d i c t a t e d  b y  t h e  t y p e  o f  i m p u r i t y  

c a u s in g  t h e  c h a n g e  i n  t h e  v o lta m m o g ra m  c a n  b e  u n d e r t a k e n .  T h e  t e c h ­

n iq u e  c a n  a l s o  b e  u s e d  t o  d e te r m in e  w h a t  t y p e s  o f  e f f e c t s  w i l l  o c c u r  

w hen  som e p r o c e s s  p a r a m e te r s  s u c h  a s  t e m p e r a t u r e ,  a c id  c o n c e n t r a t i o n ,  

z i n c  c o n c e n t r a t i o n ,  g lu e  c o n c e n t r a t i o n ,  o r  i m p u r i t y  c o n c e n t r a t i o n  a r e
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a l t e r e d .  T h e  t e s t  t im e  i s  v e r y  s h o r t  an d  g o o d  c o r r e l a t i o n  w i t h  lo n g e r  

t im e  c u r r e n t  e f f i c i e n c y  s t u d ie s  h a v e  b e e n  o b t a in e d .



1 1 5

C o n c lu s io n s

1 .  T he u s e  o f  c y c l i c  v o l t a m m e t r y  t e c h n iq u e s  a l l o w s  e v a lu a t i o n  o f  t h e  

e f f e c t s  o f  s u c h  f a c t o r s  a s  i m p u r i t y  c o n c e n t r a t i o n ,  z in c  c o n c e n ­

t r a t i o n  , a c id  c o n c e n t r a t i o n ,  t e m p e r a t u r e ,  a n d  g lu e  c o n c e n t r a t i o n .  

T h e s e  s h o r t  te r m  t e s t  r e s u l t s  h a v e  p ro v e n  t o  be  c o r r e l a t a b l e  w i t h  

t h e  c l a s s i c a l  lo n g  te r m  e f f i c i e n c y  t e s t s .

2 .  T h e  p o l a r i z a t i o n  b e h a v io r  o f  a c id  z in c  s u l f a t e  e l e c t r o l y t e  i s  

v e r y  s e n s i t i v e  t o  t h e  t y p e  a n d  c o n c e n t r a t i o n  o f  im p u r i t y  a n d / o r  

a d d i t i v e  p r e s e n t .

3 .  T h e  a c t u a l  m e c h a n is m  o f  i m p u r i t y  i n t e r a c t i o n  i s  m o re  c l e a r l y  

d e l i n e a t e d  u s in g  t h i s  t e c h n iq u e .  G e rm a n iu m  a n d  c o b a l t  a p p e a r  t o  

f o r m  l o c a l  g a l v a n i c  c e l l s ,  h o w e v e r ,  a n t im o n y  d o e s  n o t .

4 .  Low l e v e l s  o f  c e r t a i n  i m p u r i t i e s  c a n  be d e t e c t e d .  L e v e ls  o f  Ge 

a n d  Co a s  lo w  a s  0 .0 2  a n d  0 .1 0  m g /1 ,  r e s p e c t i v e l y ,  c a n  be 

d e t e r m in e d .

5 .  C h a n g e s  i n  t h e  p o l a r i z a t i o n  b e h a v io r  c a n  be  u s e d  t o  o p t im iz e  t h e  

a m o u n t o f  g lu e  n e e d e d  t o  c o u n t e r a c t  h a r m fu l  i m p u r i t i e s .
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The  a u t h o r s  w is h  t o  a c k n o w le d g e  t h e  f i n a n c i a l  a s s is t a n c e  p r o v id e d  

b y  t h e  AMAX F o u n d a t io n ,  New Y o r k ,  N Y , a n d  t h e  t e c h n i c a l  a s s is t a n c e  

p r o v id e d  b y  C o m in c o , L t d . ,  T r a i l ,  B r i t i s h  C o lu m b ia ,  C a n a d a , a n d  AMAX 

Z in c  C o m p a n y , S a u g e t ,  I L .  We w o u ld  a l s o  l i k e  t o  t h a n k  ASARCO, I n c . ,  

H i l l s b o r o ,  I L ,  f o r  p r o v i d i n g  t h e  F re n c h  p r o c e s s  z in c  o x id e  u s e d  i n  

t h i s  s t u d y .  W i t h o u t  t h e  c o n t in u e d  i n t e r e s t  a n d  h e lp  o f  t h e  a b o v e  t h i s  

w o rk  w o u ld  n o t  h a v e  b e e n  p o s s i b l e .

We w o u ld  a l s o  l i k e  t o  t h a n k  D r .  Y a r - M in g  W a ng , f o r m e r l y  A s s i s t a n t  

R e s e a rc h  P r o f e s s o r  a t  MRC, UMR, R o l l a ,  MO, f o r  h i s  h e l p f u l  a d v ic e  a n d  

a s s is t a n c e  c o n c e r n in g  t h i s  s t u d y .

Ac k n o wl e dg emen t s
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2 .  D. J .  M a c K in n o n  a n d  J .  M. B ra n n e n :  J .  A p p l .  E le c t r o c h e m . ,

1 9 7 7 ,  7 ,  N o . 5 ,  4 5 1 - 4 5 9 .
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3 3 .  T o s h m ic h i  F u k u m o to ,  e t  a l . :  D e n k i K a g a k u  O .yab i K o g yo  B u t s u r i
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K a g a k u , 1 9 7 5 ,  4 3 ,  N o . 2 ,  9 4 - 9 .

3 4 . Z . A .  S h e k a  a n d  K . F . K a r ly s h e v a :  D o k la d y  A k a d .  N auk S . S . S . R . , 

1 9 5 6 , 1 0 8 , 1 2 6 - 9 .
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F ig u r e  1 .

F ig u r e  2 .

F ig u r e  3 .

F ig u r e  4 .

F ig u r e  5 .

F ig u r e  6 .

F ig u r e  7 .

F ig u r e  8 .

F ig u r e  9 .

S c h e m a t ic  o f  E q u ip m e n t  U sed f o r  t h e  C y c l i c  V o lta m m e t r y  

E x p e r im e n ts .  [C  = W o rk in g  E le c t r o d e  ( A l ) ;  R = M e rc u ro u s  

S u l f a t e  R e fe re n c e  E le c t r o d e ;  A = A u x i l i a r y  E le c t r o d e  ( P t ) ;

V = V o l t a g e  M o n i t o r i n g  T e r m in a ls ;  an d  I  = C u r r e n t  S u p p ly  

T e r m in a l s ] ,

V o lta m m o g ra m  f o r  N o - A d d i t io n  E l e c t r o l y t e .  T = 4 5 ° C ; S can  

R a te  = 0 . 5  m V /s e c .

H y d ro g e n  C u r r e n t  D e n s i t y  v s  E le c t r o d e  P o t e n t i a l  f o r  E le c ­

t r o l y t e s  C o n t a in in g  2 0 0  g/ l  H2S0i, an d  t h e  I n d ic a t e d  A d d i ­

t i o n s .  T = 4 5 ° C ; S can  R a te  = 0 . 5  m V /s e c .

V o lta m m o g ra m  O b ta in e d  f o r  E l e c t r o l y t e s  C o n t a in in g  G e rm a n iu m  

o r  C o b a l t  A d d i t i o n s .  T = 4 5 ° C ; S can  R a te  = 0 . 5  m V /s e c . 

S e q u e n c e  o f  C h a n g e s  t h a t  O c c u r  a t  P o in t s  i  an d  a i  a s  th e  

I m p u r i t y  C o n c e n t r a t io n  In c r e a s e s  f o r  E l e c t r o l y t e s  C o n t a in ­

in g  G e rm a n iu m  o r  C o b a l t  A d d i t i o n s .

P e a k  C u r r e n t  D e n s i t y  v s  C o b a l t  C o n te n t .  S can  R a te  = 0 . 5  

m V /s e c .

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  C o n t a in in g  65 g/ l  Zn 

a n d  2 0 0  g/ l  H2S 0 i* . P o t e n t i a l  H e ld  a t  P o in t  D f o r  1 M in u te .  

( 3 0 0 0 x )

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  C o n t a in in g  65 g/ l  Z n , 

2 0 0  g/ l  H2S0it , a n d  10 0  pp b  G e. P o t e n t i a l  H e ld  a t  P o in t  D 

f o r  1 M in u te .  ( 3 0 0 0 x )

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  C o n t a in in g  65 g/ l  Z n , 

2 0 0  g/ l  H2S 0 i* , a n d  8 m g /£  C o . P o t e n t i a l  H e ld  a t  P o in t  D 

f o r  1 M in u t e .  ( 3 0 0 0 x )

L i s t  o f  Fi g u r e s



121

L i s t  o f  Fi g u r e s  ( Co n t i n u e d )

F ig u r e  1 0 .

F ig u r e  1 1 .

F ig u r e  1 2 .

F ig u r e  1 3 .

F ig u r e  1 4 .

F ig u r e  1 5 .

F ig u r e  1 6 .

F ig u r e  1 7 .

F ig u r e  1 8 .

P e a k  C u r r e n t  D e n s i t y  v s  Z in c  C o n c e n t r a t i o n .  S ca n  R a te  =

0 . 5  m V /s e c ;  T = 4 5 ° C .

P e a k  C u r r e n t  D e n s i t y  v s  A c id  C o n c e n t r a t i o n .  S can  R a te  =

0 . 5  m V /s e c ;  T = 4 5 ° C .

H y d ro g e n  C u r r e n t  D e n s i t y  v s  E le c t r o d e  P o t e n t i a l  f o r  E le c ­

t r o l y t e s  C o n t a in in g  6 .5  g / Z Zn a n d  V a r io u s  H2S 0 u C o n c e n ­

t r a t i o n s .  S c a n  R a te  = 0 . 5  m V /s e c ;  T = 4 5 ° C .

P e a k  C u r r e n t  D e n s i t y  v s  C o b a l t  C o n c e n t r a t io n  f o r  W o rk in g  

E le c t r o d e s  H a v in g  D i f f e r e n t  S u r fa c e  P r e p a r a t io n .  Scan 

R a te  = 0 . 5  m V /s e c ;  T = 4 5 ° C .

P e a k  C u r r e n t  D e n s i t y  v s  G e rm a n iu m  C o n c e n t r a t i o n .  Scan 

R a te  = 0 . 5  m V /s e c ;  T = 4 5 ° C .

P e a k  C u r r e n t  D e n s i t y  v s  C o b a l t  C o n c e n t r a t io n  f o r  V a r io u s  

T e m p e r a tu r e s .  S can  R a te  = 0 . 5  m V /s e c .

P e a k  C u r r e n t  D e n s i t y  v s  C o b a l t  C o n c e n t r a t i o n .  F a s t  S can 

(5  m V /s e c )  t o  P o in t  D th e n  S lo w  S can  ( 0 . 5  m V /s e c )  b a c k  

t o  S t a r t i n g  P o t e n t i a l .

V o lta m m o g ra m  O b ta in e d  f o r  E l e c t r o l y t e s  C o n t a in in g  A n t im o n y  

A d d i t i o n s .  T = 4 5 ° C ; S c a n  R a te  = 0 . 5  m V /s e c .

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  C o n t a in in g  65 q/ Z Z n ,  

2 0 0  q/ Z H zS O i,, a n d  10 4  ppb  S b . P o t e n t i a l  H e ld  a t  P o in t  D

f o r  1 M in u t e .  ( 3 0 0 0 x )

F ig u r e  1 9 . V o lta m m o g ra m  O b ta in e d  f o r  E l e c t r o l y t e s  C o n t a in in g  G lu e  A d ­

d i t i o n s .  T = 4 5 ° C ; S c a n  R a te  = 0 . 5  m V /s e c .
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L i s t  o f  Fi g u r e s  ( Co n t i n u e d )

F ig u r e  2 0 .

F ig u r e  2 1 .

F ig u r e  2 2 .

F ig u r e  2 3 .

F ig u r e  2 4 .

F ig u r e  2 5 .

F ig u r e  2 6 .

F ig u r e  2 7 .

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  C o n t a in in g  65  g / £  Z n , 

2 0 0  g / £  H2S 0 i, ,  an d  10 mg/ £  G lu e .  P o t e n t i a l  H e ld  a t  P o in t  D 

f o r  1 M in u t e .  ( 3 0 0 0 x )

V o lta m m o g ra m  O b ta in e d  f o r  E l e c t r o l y t e s  C o n t a in in g  G lu e  an d  

C o b a l t  o r  G e rm a n iu m  A d d i t i o n s .  T = 4 5 ° C ; S can  R a te  = 0 . 5  

m V /s e c .

P o t e n t i a l  a t  P o in t  X v s  G lu e  C o n c e n t r a t io n  f o r  E l e c t r o l y t e s  

C o n t a in in g  G e rm a n iu m  A d d i t i o n s .  T = 4 b ° C ; S can  R a te  = 0 .5  

m V /s e c .

P o t e n t i a l  a t  P o in t  X v s  G lu e  C o n c e n t r a t io n  f o r  E l e c t r o l y t e s  

C o n t a in in g  C o b a l t  A d d i t i o n s .  T = 4 5 ° C ; S can  R a te  = 0 . 5  

m V /s e c .

P e a k  C u r r e n t  D e n s i t y  v s  G lu e  C o n c e n t r a t io n  f o r  E l e c t r o l y t e s  

C o n t a in in g  G e rm a n iu m  A d d i t i o n s .  T = 4 5 ° C ; S can  R a te  = 0 . 5  

m V /s e c .

P e ak  C u r r e n t  D e n s i t y  v s  G lu e  C o n c e n t r a t i o n  f o r  E l e c t r o l y t e s  

C o n t a in in g  C o b a l t  A d d i t i o n s .  T = 4 5 ° C ; S ca n  R a te  = 0 .5  

m V /s e c .

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e  C o n t a in in g  65  g / £  Z n , 

2 0 0  g / £  H2SO4 , a n d  8 m g /£  C o . P o t e n t i a l  H e ld  a t  - 0 . 7 8 5  V 

v s  S .H .E .  f o r  1 M in u t e .  ( 3 0 0 0 x )

Z in c  D e p o s i t  O b ta in e d  f o r  E l e c t r o l y t e s  C o n t a in in g  65  g / £

Z n , 2 0 0  g / £  H2S0 i* ,  8 m g /£  C o , a n d  10 m g /£  G lu e .  P o t e n t i a l  

H e ld  a t  - 0 . 7 8 5  V v s  S .H .E .  f o r  1 M in u t e .  ( 3 0 0 0 x )
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V IT A

D o n a ld  R a lp h  F o s n a c h t  w as b o r n  o n  D e ce m b e r 1 0 ,  1 9 5 0  i n  C h ic a g o ,  

I l l i n o i s .  He r e c e iv e d  h i s  p r im a r y  e d u c a t io n  i n  C h ic a g o  an d  h is  

s e c o n d a ry  e d u c a t io n  i n  E v a n s to n ,  I l l i n o i s .  He r e c e iv e d  a B a c h e lo r  

o f  S c ie n c e  d e g re e  i n  C h e m is t r y  f r o m  M a c M u rra y  C o l l e g e ,  J a c k s o n v i l l e ,  

I l l i n o i s  i n  M a y , 1 9 7 3  a n d  a B a c h e lo r  o f  S c ie n c e  d e g re e  i n  M in e r a l  

E n g in e e r in g  f r o m  C o lu m b ia  U n i v e r s i t y ,  New Y o r k ,  New Y o rk  i n  M a y ,

1 9 7 4 . I n  M a y , 1 9 7 5  he w as a w a rd e d  t h e  d e g re e  o f  M a s te r  o f  S c ie n c e  

i n  M in e r a l  E n g in e e r in g  f r o m  C o lu m b ia .  W h i le  a t  C o lu m b ia  he was 

a w a rd e d  t h e  R o b e r t  P e e le  P r i z e  a n d  g iv e n  a c o m m e n d a t io n  f o r  O u t s t a n d ­

i n g  A c h ie v e m e n t  f o r  h i s  g r a d u a te  w o r k .

He h a s  b e e n  e n r o l l e d  i n  t h e  G ra d u a te  S c h o o l o f  t h e  U n i v e r s i t y  o f  

M i s s o u r i - R o l l a  s in c e  A u g u s t ,  1 9 7 5  a n d  h a s  h e ld  t h e  AMAX F o u n d a t io n  

F e l lo w s h ip  f o r  t h e  p e r io d  A u g u s t ,  1 9 7 5  t o  M a y , 1 9 7 8 .
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APPEND IX A 

L i t e r a t u r e  R e v ie w

A . Im p o r ta n c e  o f  t h e  Z in c  E le c t r o w in n in g  P ro c e s s

E le c t r o w in n in g  f r o m  z in c  s u l f a t e  s o l u t i o n s  to d a y  a c c o u n ts  f o r  

a b o u t  60% o f  t h e  w o r ld  p r o d u c t io n  o f  z i n c .  I n  t h e  U n i t e d  S t a t e s ,  

t h i s  p r o p o r t i o n  w as 36% i n  1 9 7 3 . ^  T h is  p e r c e n ta g e  w i l l  in c r e a s e  

s i g n i f i c a n t l y  i n  t h e  f u t u r e  a s  n e a r l y  a l l  f a c i l i t i e s  p r e s e n t l y  u n ­

d e r  c o n s t r u c t i o n  o r  i n  t h e  p la n n in g  s ta g e s  a r e  e l e c t r o l y t i c  p l a n t s .  

New e l e c t r o l y t i c  f a c i l i t i e s  w i t h  a c o m b in e d  c a p a c i t y  o f  3 4 0 ,0 0 0  

to n s  p e r  y e a r  a r e  s c h e d u le d  t o  becom e o p e r a t i o n a l  d u r in g  1 9 7 7 -  

1 9 7 9 . ^ " ^  T h e  p r o p o r t i o n  o f  z i n c  p ro d u c e d  e l e c t r o l y t i c a l l y  w i l l  

a l s o  in c r e a s e  d u e  t o  f u t u r e  c l o s i n g  o f  h o r i z o n t a l  a n d  v e r t i c a l  

r e t o r t  r e c o v e r y  p l a n t s  c a u s e d  b y  o b s o le s c e n c e  o r  e n v i r o n m e n ta l  

r e s t r i c t i o n s .  T h e  n e t  r e s u l t  w i l l  b e  a n  e v e r  i n c r e a s in g  a m o u n t o f  

z i n c  p ro d u c e d  b y  e l e c t r o l y t i c  m e a n s .

T h e  e l e c t r o l y t i c  z i n c  p r o c e s s  was d e v e lo p e d  a ro u n d  th e  t u r n  o f

t h e  c e n t u r y  a n d  h a s  e v o lv e d  v e r y  r a p i d l y  t o  i t s  p r e s e n t  s t a t e  w h e re

(4 1
e l e c t r o l y t i c  z i n c  o f  9 9 .9 9 +  p e r c e n t  g ra d e  i s  p ro d u c e d  r o u t i n e l y . '  '

B . E f f e c t s  o f  t h e  M a in  P ro c e s s  P a ra m e te rs

T h e  e f f e c t s  o f  t h e  m a in  p r o c e s s  v a r i a b l e s :  a c i d i t y ,  z in c  c o n ­

c e n t r a t i o n ,  t e m p e r a t u r e ,  c u r r e n t  d e n s i t y ,  a g i t a t i o n ,  a n d  d e p o s i t  

t h i c k n e s s ,  h a v e  b e e n  t h e  s u b je c t  o f  m any i n v e s t i g a t i o n s . A t  

c u r r e n t  d e n s i t i e s  u p  t o  10 0  m A /cm 2 , t h e  c u r r e n t  e f f i c i e n c y  f a l l s  

w i t h  in c r e a s e d  a c id  c o n t e n t ,  w i t h  re d u c e d  z in c  c o n c e n t r a t i o n ,  w i t h  

r e d u c e d  c u r r e n t  d e n s i t y  a n d  w i t h  in c r e a s e d  t e m p e r a t u r e . ^ ^  I n  t h e  

r e g io n  o f  h ig h  c u r r e n t  d e n s i t i e s  (> 1 0 0  m A /cm 2 ) in c r e a s e d  te m p e r a tu r e
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a n d  s u l f u r i c  a c id  c o n t e n t  w e re  fo u n d  t o  h a v e  a  s o m e w h a t f a v o r a b le  e f ­

f e c t  o n  z in c  e l e c t r o l y t e s . ^ 0 ^

1 . A c id  a n d  Z in c  L e v e l s . T h e  r a t i o  o f  z i n c  t o  a c id  c o n c e n t r a ­

t i o n  was fo u n d  t o  be  a c r i t i c a l  f a c t o r . ' 1 6  ̂ I n v e s t i g a t o r s  fo u n d  

t h a t  z i n c  c o n c e n t r a t i o n s  t h a t  a r e  t o o  h ig h  o r  t o o  lo w  c a n  le a d  

t o  lo s s e s  i n  z i n c  c u r r e n t  e f f i c i e n c y . ^ 1 6  ̂ T h e y  r e p o r t e d  t h a t  a 

z i n c  t o  a c id  r a t i o  o f  0 .4 7  t o  0 .5 1  w as b e s t  ( r a t i o  e x p r e s s e d  i n  

g Z n + + / £  t o  g H2S0 i* / £ ) .  A t  h ig h  z i n c  t o  a c id  r a t i o s ,  n o d u la r  

g r o w th  o c c u r r e d  o n  t h e  z in c  s u r f a c e .  T h e s e  n o d u le s  c a u s e d  

e l e c t r o d e  s h o r t i n g  a n d  re d u c e d  t h e  c u r r e n t  e f f i c i e n c y .  T he 

a u t h o r s  a t t r i b u t e d  t h e  e f f e c t s  a t  h ig h  z in c  t o  a c id  r a t i o s  t o  

h ig h  v i s c o s i t y  a n d  lo w  c o n d u c t i v i t y  w h ic h  le a d  t o  d e p le t i o n  o f  

t h e  z in c  io n s  i n  t h e  im m e d ia te  a r e a  o f  t h e  e l e c t r o d e .  D e p le t io n  

o f  z i n c  io n s  a t  t h e  e le c t r o d e  i n t e r f a c e  in c r e a s e s  t h e  p o t e n t i a l  

d i f f e r e n c e  b e tw e e n  t h e  p e a k s  a n d  v a l l e y s  w h ic h  d e v e lo p  o n  a 

g r o w in g  d e p o s i t .  T h e  z in c  io n s  d e p o s i t  p r e f e r e n t i a l l y  a t  t h e  

h ig h  p o t e n t i a l  p e a k s ,  a c c e le r a t i n g  n o d u la r  g r o w th .  A t  lo w  z in c  

t o  a c id  r a t i o s ,  a n  i n s u f f i c i e n t  a m o u n t o f  z i n c  io n s  a r r i v e  a t  

t h e  d e p o s i t i o n  s i t e s  a n d  h y d ro g e n  a s  w e l l  a s  i m p u r i t y  io n s  c a n  

c o m p e te  m o re  e f f e c t i v e l y  f o r  s i t e s  o n  t h e  c a th o d e  s u r f a c e ;  t h i s  

i n  t u r n  re d u c e s  t h e  c u r r e n t  e f f i c i e n c y .  The  a u t h o r s  fo u n d  t h a t  

r e s i d u a l  l e v e l s  o f  z i n c  i n  t h e  s p e n t  e l e c t r o l y t e  s h o u ld  be  a b o v e  

4 8  g / £  i n  o r d e r  t o  m a in t a in  r e a s o n a b le  c u r r e n t  e f f i c i e n c i e s . ^ 1 6  ̂

O t h e r  a u t h o r s  h a v e  r e p o r t e d  c o n d i t i o n s  w h ic h  t h e y  t h i n k  a r e  t h e  

o p t im u m  f o r  t h e  p r o c e s s .  ^  > 1 4 ,1 7 ,1 8 )  a c t u a -| -|e v e -|s 0 f  z in c  

a n d  a c id  u s e d  a l s o  d e p e n d  o n  o t h e r  f a c t o r s  s u c h  a s  s o l u t i o n  

s t o r a g e  c a p a c i t y  f o r  t h e  p l a n t ,  a c id  l e v e l  n e e d e d  f o r  t h e
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l e a c h in g  s t a g e ,  p o w e r c o n s u m p t io n ,  e t c .  C u r r e n t l y ,  z i n c  c o n c e n ­

t r a t i o n s  o f  47 t o  8 0  g / l  a n d  a c id  c o n c e n t r a t io n s  o f  9 5  t o  2 0 0  

g / l  a r e  b e in g  u s e d  i n  t h e  p l a n t s .  O 6 * ^ 9 " 2 0 )

2 .  T e m p e r a tu re  a n d  C u r r e n t  D e n s i t y . T h e  g e n e r a l  e f f e c t s  o f  

t e m p e r a tu r e  a n d  c u r r e n t  d e n s i t y  h a v e  a l r e a d y  b e e n  n o t e d ,  b u t  a 

m o re  d e t a i l e d  d is c u s s io n  o f  th e s e  e f f e c t s  i s  w a r r a n t e d .

I n c r e a s in g  t h e  c u r r e n t  d e n s i t y  c a u s e s  t h e  h y d ro g e n  c u r r e n t  t o  

f a l l ,  b e c a u s e  t h e  o v e r - v o l t a g e  f o r  d i s c h a r g in g  h y d ro g e n  io n s  on  

z in c  in c r e a s e s  m o re  r a p i d l y  th a n  d o e s  t h e  o v e r - v o l t a g e  f o r  z in c  

d e p o s i t i o n . T h u s  t h e  n e t  r e s u l t  o f  i n c r e a s in g  t h e  c u r r e n t  

d e n s i t y  i s  an  in c r e a s e  i n  t h e  c u r r e n t  e f f i c i e n c y .  T h e re  a r e ,  

h o w e v e r ,  l i m i t a t i o n s  t o  t h e  c u r r e n t  d e n s i t y  e f f e c t .  F i r s t ,  w hen 

s u f f i c i e n t  z i n c  c a n  no lo n g e r  d i f f u s e  t o  t h e  e le c t r o d e  t o  m e e t 

c u r r e n t  d e n s i t y  r e q u i r e m e n t s ,  c o n c e n t r a t i o n  p o l a r i z a t i o n  o c c u r s ,  

a n d  t h e  h y d ro g e n  y i e l d  o n  t h e  c a th o d e  in c r e a s e s .  S e c o n d , s in c e  

t h e  p o w e r  lo s s  d u e  t o  r e s i s t a n c e  o f  t h e  s o l u t i o n  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  s q u a re  o f  t h e  c u r r e n t  (P  = i 2R ) ,  an  o p t im u m  

c u r r e n t  d e n s i t y  e x i s t s  w h ic h  w i l l  g i v e  t h e  b e s t  e n e r g y  e f f i c i e n c y  

f o r  t h e  p r o c e s s .  T h e  c u r r e n t  d e n s i t y  e m p lo y e d  i s  a f u n c t i o n  o f  

t h e  c o n d u c t i v i t y  o f  t h e  s o l u t i o n  a n d  t h e  p r o d u c t io n  r a t e  f o r  z in c  

s e t  b y  t h e  p l a n t  o p e r a t o r s .  T h e  c o n d u c t i v i t y  o f  t h e  e l e c t r o l y t e  

i s  l a r g e l y  d e p e n d e n t  on  t h e  z in c  a n d  a c id  c o n c e n t r a t io n s  i n  t h e  

s o l u t i o n s .  S in c e  t h e  o p e r a t in g  p a r a m e te r s  v a r y  w i d e l y ,  a ra n g e  

o f  c u r r e n t  d e n s i t i e s  o f  4 0  t o  75 m a /c m 2 i s  fo u n d  i n  c u r r e n t  

p r a c t i c e . 0 6 >19 - 22 ) / \ n o t h e r  r e a s o n  f o r  t h e  u s e  o f  in c r e a s e d  

c u r r e n t  d e n s i t y  i s  t o  m in im iz e  th e  e f f e c t s  o f  i m p u r i t i e s ;  t h i s  

w i l l  b e  d is c u s s e d  l a t e r .  T e m p e r a tu re  e f f e c t s  a r e  a l s o  v e r y
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im p o r t a n t .  In c r e a s e s  i n  t e m p e r a tu r e  f o r  t h e  r a n g e  o f  c u r r e n t  

d e n s i t y  n o te d  a b o v e  u s u a l l y  c a u s e  a d e c re a s e  i n  c u r r e n t  e f f i ­

c i e n c y .  T h is  r e d u c t i o n  i n  c u r r e n t  e f f i c i e n c y  i s  a t t r i b u t e d  t o  

t h e  d e c re a s e  i n  t h e  h y d ro g e n  o v e r - v o l t a g e  r e q u i r e m e n t  as t h e  

t e m p e r a tu r e  i s  i n c r e a s e d . '  1 T h is  i s  e s p e c i a l l y  t r u e  f o r  

s o l u t i o n s  w h ic h  c o n t a in  s i g n i f i c a n t  l e v e l s  o f  i m p u r i t y .  Tem ­

p e r a t u r e  in c r e a s e s  d o  p r o v id e  some b e n e f i c i a l  e f f e c t s  a t  h ig h  

c u r r e n t  d e n s i t y  (> 2 0 0  m a /c m 2 ) .  F i r s t ,  t h e  e l e c t r o l y t e  r e s i s t ­

a n c e  i s  r e d u c e d  a n d  s e c o n d ,  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  

z in c  io n  in c r e a s e s  w i t h  in c r e a s in g  t e m p e r a t u r e .  I n  t h e  

ra n g e s  o f  c u r r e n t  d e n s i t y  p r e s e n t l y  e m p lo y e d  i n  i n d u s t r y ,  t h e  

f a c t o r s  j u s t  m e n t io n e d  a r e  n o t  a s  im p o r t a n t  a s  t h e  r e d u c t i o n  i n  

t h e  e n e r g y  b a r r i e r  f o r  h y d ro g e n  d is c h a r g e .

3 .  A g i t a t i o n . A g i t a t i o n  i n  t h e  e l e c t r o l y s i s  b a th  i s  p r o v id e d  

b y  c i r c u l a t i o n  o f  t h e  e l e c t r o l y t e  a n d  b y  b u b b le  f o r m a t io n  on 

t h e  e l e c t r o d e s .  F a i r l y  g o o d  n a t u r a l  m ix in g  o f  t h e  s o l u t i o n  

o c c u r s  a n d  e x t e r n a l  a g i t a t i o n  i s  r a r e l y  e m p lo y e d .0 6 , 1 9 - 2 2 )

T h e  f l o w  o f  e l e c t r o l y t e  p a s t  t h e  e le c t r o d e s  i s  u s u a l l y  s t a r t e d  

f r o m  t h e  b o t to m  o f  t h e  c e l l  a n d  e x i t s  a t  t h e  t o p .  One i n v e s ­

t i g a t o r  f o u n d  t h a t  t h e  b e s t  a g i t a t i o n  o f  t h e  e l e c t r o l y t e  

r e s u l t e d  f r o m  a " c h a n n e l "  t y p e  c i r c u l a t i o n . ^ 1 8  ̂ T h e  t y p e  o f  

c i r c u l a t i o n  e m p lo y e d  an d  t h e  v o lu m e  o f  s o l u t i o n  c i r c u l a t e d  

d e p e n d  o n  t h e  o p e r a t i n g  p a r a m e te r s  o f  t h e  v a r io u s  p l a n t s .  When 

c o n c e n t r a t i o n  p o l a r i z a t i o n  e f f e c t s  a re  im p o r t a n t  ( i . e .  h ig h  

c u r r e n t  d e n s i t y ) ,  som e e x t e r n a l  f o r m  o f  a g i t a t i o n  may be 

r e q u i r e d . H i g h e r  a c id  l e v e l s  a n d  t e m p e r a t u r e  a ls o  a r e  o f

im p o r ta n c e  a t  h ig h  c u r r e n t  d e n s i t y  o p e r a t io n s  du e  t o  t h e  n e e d
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f o r  h ig h  c o n d u c t i v i t y  s o l u t i o n s . ^ 1 0 )

C . Im p o r ta n c e  o f  S o lu t i o n  P u r i t y

1 .  G e n e ra l C h a r a c t e r i s t i c s . I t  w as d is c o v e r e d  q u i t e  e a r l y  i n  

t h e  d e v e lo p m e n t  o f  t h e  p r o c e s s  t h a t ,  e v e n  w hen t h e  o p e r a t io n  

w as b e in g  d o n e  a t  t h e  d e s ig n  l e v e l s  o f  t h e  m a jo r  p ro c e s s  p a r a ­

m e t e r s ,  t h e  c u r r e n t  e f f i c i e n c y  w as o f t e n  i n e x p l i c a b l y  lo w .

T h is  d i f f i c u l t y  w as t r a c e d  t o  t h e  p re s e n c e  o f  m e t a l l i c  i m p u r i ­

t i e s  i n  t h e  e l e c t r o l y t e . ^ 2 4 ” 2 8  ̂ I m p u r i t y  l e v e l s  a s  lo w  as 

p a r t s  p e r  b i l l i o n  w e re  fo u n d  t o  d r a s t i c a l l y  r e d u c e  t h e  c u r r e n t  

e f f i c i e n c y .  M any o f  t h e  e a r l y  i n v e s t i g a t i o n s  e x a m in e d  th e  

e f f e c t s  o f  s i n g l e  i m p u r i t i e s  o n  t h e  e l e c t r o l y s i s  p r o c e s s .

T h e s e  s t u d ie s  w e re  l a r g e l y  e m p i r i c a l  i n  n a t u r e  a n d  d e a l t  m o s t ­

l y  w i t h  f i n d i n g  t h e  l e v e l s  o f  i m p u r i t i e s  t h a t  c o u ld  be  t o l e r ­

a t e d  f o r  a g iv e n  c o m p o s i t io n  o f  z i n c  a n d  a c id  i n  p l a n t  e l e c t r o ­

l y t e s .  T h e  r e s u l t s  o f  th e s e  i n v e s t i g a t i o n s  h a v e  b e e n  s u m m a r iz e d  

i n  t e x t b o o k s  a n d  m o n o g r a p h s / 8 , 2 2  ̂ O f  a l l  t h e  f a c t o r s  in v o lv e d  

i n  t h e  e l e c t r o d e p o s i t i o n  p r o c e s s ,  e l e c t r o l y t e  p u r i t y  h a s  b e e n

( 2 9 )
fo u n d  t o  b e  t h e  m o s t s i g n i f i c a n t .  '

M e t a l l i c  i m p u r i t i e s  w h ic h  a r e  e i t h e r  m o re  a c t i v e  o r  m o re  

n o b le  t h a n  z i n c  h a v e  b e e n  s h o w n  t o  a f f e c t  t h e  z i n c  e le c t r o d e p o ­

s i t i o n  p r o c e s s .  Some e f f e c t s  a r e  q u i t e  b e n e f i c i a l ,  e . g . ,  t h e  

p r e s e n c e  o f  c o b a l t  i n  s o l u t i o n  h a s  b e e n  show n  t o  lo w e r  th e  

a n o d e  o v e r v o l t a g e  a n d  t o  le s s e n  t h e  c o r r o s io n  r a t e  o f  t h e  le a d  

e l e c t r o d e / 98  ̂ U n f o r t u n a t e l y ,  c o b a l t  a l s o  i n t e r a c t s  a t  th e  

c a th o d e  a n d  c a u s e s  a r e d u c t i o n  i n  c u r r e n t  e f f i c i e n c y / 9 8  ̂

A c c o r d i n g l y ,  t h e  e f f e c t s  t h a t  i m p u r i t i e s  h a v e  o n  t h e  p ro c e s s  a r e  

v a r i e d .  Some i m p u r i t i e s  sh o w  t h e i r  e f f e c t s  a t  b o th  e le c t r o d e s
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, . .. ,  . .  ,  ( 108 , 127- 139)  c
and i n t he s o l u t i on,  e. g. ,  f or  manganes e.  ' Some i m­

pur i t i es  ex h i b i t  no e f f ec t  i nd i v i dua l l y ,  but  ex er t  c ons i d er ab l e

i n f l uenc e on t he p r oc es s  when t hey  ac t  i n c onc er t  wi t h  o t he r  

( 5 4 )
i mpur i t i es .  '

The e f f ec t s  ex h i b i t ed  by  an t i mony ,  a r s eni c ,  c admi um,  c obal t ,  

c opper ,  ger man i um,  i r on,  ma nganes e,  n i c k el ,  t he al k al i  met a l s  and 

a l k a l i ne  ear t h  me t a l s  wi l l  now be r ev i ewed.  The e f f ec t s  of  a d d i ­

t i v es  us ed t o c o un t e r a c t  t he e f f ec t s  of  t he i mpur i t i es  wi l l  a l s o 

be d i s c us s ed.  I n o r de r  t o be t t e r  unde r s t and t he r ol e t hat  

i mpu r i t i es  pl ay  at  t he c a t hode,  es pe c i a l l y  i n t er ms  of  r educ i ng  

t he c u r r en t  e f f i c i en c y  of  t he pr oc es s ,  t he mec han i s ms  of  i n t e r ­

ac t i ons  t ha t  wo u l d  l ead t o a dec r ea s e  i n c ur r en t  e f f i c i en c y  wi l l  

f i r s t  be ex ami ned.

For  an e l ec t r o l y t e  c o n t a i n i ng  50 g/ l  z i nc  and 150 g/ l  s u l ­

f u r i c  ac i d,  i n v e s t i g a t o r s ^ 1 5 9  ̂ hav e r epor t ed  a cel l  f eed  as  i n d i ­

c a t ed  i n Tab l e  I .  Re v e r s i b l e  po t en t i a l s  f or  t he r educ t i on  of  t he 

v ar i ous  i mpur i t i es  t o t he me t a l l i c  s t a t e  a r e g i v en i n Tab l e  I I .  

The es t i ma t e d  v a l ues  ar e bas ed on t her mody na mi c  da t a and ac t i v i t y  

c oe f f i c i en t s  f r om L a t i me r ^ 1 and Gar r e l s  and Ch r i s t . ^ 1 5 1  ̂ The 

c on c en t r a t i o ns  us ed hav e been ad j us t ed  t o r e f l ec t  a z i nc  c o n c e n ­

t r a t i on  o f  50 g/ l  z i n c . ^ 1 5 9  ̂ Fr om Tab l e  I I ,  i t  c an be s een t hat  

of  t he i mpur i t i es  f ound i n t he z i nc  e l ec t r o l y t e ,  mos t  s hou l d  be 

r edu c e d at  t he r edu c t i o n  pot ent i a l  f or  z i nc .  Ma ng an es e i s t he 

on l y  ex c ept i on .  Cer t a i n  r es t r a i n t s  ar e ex h i b i t ed  wh i c h  c an l i mi t  

t he amount  o f  depos i t i on .  Ac t i v a t i on  and c o nc en t r a t i o n  o v e r ­

v o l t ag e  mak e de pos i t i on  o f  s ome o f  t he i mpur i t i es  muc h mo r e  d i f ­

f i c u l t .  As s umi ng  t hat  s ome of  t he i mpur i t i es  do p l at e  ou t  on t he
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c a th o d e ,  s e v e r a l  e f f e c t s  c a n  o c c u r  c a u s in g  a d e c re a s e d  c u r r e n t  

e f f i c i e n c y  f o r  z i n c  r e d u c t i o n .

2 .  M e c h a n is m s  o f  I m p u r i t y  I n t e r a c t i o n . F i r s t ,  s im u l ta n e o u s  

r e d u c t i o n  o f  t h e  i m p u r i t y  io n  w i t h  t h e  z in c  io n  may o c c u r  a t  th e  

c a th o d e .  T h is  w i l l  r e d u c e  t h e  z in c  c u r r e n t  e f f i c i e n c y  b y  c o n ­

s u m in g  som e o f  t h e  c u r r e n t  f o r  r e d u c t i o n  o f  t h e  i m p u r i t i e s .

S u c h  r e d u c t i o n  n e e d  n o t  b e  t o  t h e  s o l i d  p h a s e .  O x id a t io n  a n d  

r e d u c t i o n  c o u p le s  ( i . e .  Fe+ + / F e + + + ) c a n  o f t e n  co n su m e  s i g n i f i c a n t  

q u a n t i t i e s  o f  c u r r e n t  b y  c y c l i n g  b e tw e e n  t h e  e l e c t r o d e s .  T h e  

o x i d i z e d  fo r m  i s  r e d u c e d  a t  t h e  c a th o d e  an d  th e n  s u b s e q u e n t ly  

o x id i z e d  a t  t h e  a n o d e . T h e  c y c le  c a n  c o n t in u e  i n d e f i n i t e l y . ^ 1 2 0  ̂

S u c h  e f f e c t s  c a n  b e  m in im iz e d  b y  k e e p in g  t h e  i m p u r i t y  c o n c e n t r a ­

t i o n  a t  lo w  l e v e l s  o r  b y  i n c r e a s in g  t h e  z in c  c o n c e n t r a t i o n .  T h e  

p r e s e n c e  o f  z i n c  io n s  h a s  b e e n  sh o w n  t o  i n h i b i t  t h e  n u c l e a t i o n  o f  

c o b a l t  a n d  th u s  d e c re a s e  t h e  a m o u n t o f  c u r r e n t  co n su m e d  b y  t h e  

c o b a l t .  S i m i l a r  e f f e c t s  h a v e  b e e n  r e p o r t e d  f o r  n i c k e l  an d  

i  r o n . ^86 ’ 88 ’ 89 ’ 92 * 9 3 ’ 1 1 0 3 »1 0 6 )

S e c o n d , t h e  a d s o r p t i o n  o f  p o s i t i v e  io n s  h a s  b e e n  sh o w n  t o  

c h a n g e  t h e  d e p o s i t i o n  o v e r - v o l t a g e  o f  z i n c  i o n s .  T h is  may o c c u r  

b y  h in d e r i n g  t h e  m ig r a t i o n  o f  z i n c  io n s  t o  t h e  c a th o d e ^ 3 2 ’ 1 2 5  ̂ b y  

t h e i r  a c c u m u la t io n  i n  t h e  d o u b le  l a y e r  o r  b y  b e in g  a d s o rb e d  o n  

t h e  c a th o d e  s u r f a c e ,  b lo c k in g  s i t e s  f o r  c r y s t a l  g r o w t h . ^ 1 3 ^  T h e  

p r e s e n c e  o f  t h e s e  io n s  may th u s  r e q u i r e  a d d i t i o n a l  e x p e n d i t u r e s  

i n  e l e c t r i c a l  e n e r g y .  T h e  a d s o r p t io n  o f  s o d iu m ,  c a lc iu m  a n d  

m a g n e s iu m  io n s  m ay a l s o  c a u s e  some d e p o l a r i z a t i o n  o f  t h e  c a th o d e  

b y  le s s e n in g  t h e  i n h i b i t i n g  e f f e c t s  o f  a d s o rb e d  h y d ro g e n  io n s  on  

t h e  z i n c  d e p o s i t i o n  p r o c e s s .  ^ 3  ̂ T h e s e  i n v e s t i g a t o r s  a t t r i b u t e
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T a b le  I C o m p o s i t io n  o f  C e l l  F e e d  f o r  a Z in c  E l e c t r o l y s i s  C i r c u i t  a s  

R e p o r te d  i n  t h e  L i t e r a t u r e . ^ 5 9 ^

F e ed  C o n s t i t u e n t  

Zn 

Mn 

Cd 

Cu 

N i 

CO 

Fe

As + Sb 

F "

C l "

Co nc en t r a t i o n  ( mg/ l )  

1 1 7 ,0 0 0  

6 ,3 0 0  

0 .3 6  

0 .0 5  

0 .2 5  

2 . 1  

0 .5 7  

0.01 

8

55



1 3 2

T a b le  I I .  E s t im a t e d  R e v e r s ib le  P o t e n t i a l s  B a s e d  o n  C o n c e n t r a t io n s  

A p p r o x im a t in g  C o m m e rc ia l P r a c t i c e . ^ 5 9  ̂ pH ■ 0 .

R e a c t io n  ER ,2 9 8 K  —  VSHE

1. Cu+ + ( a q )  +  2e  = C u ( s ) 0 .1 0

2 . H A s 0 2 ( a q )  +  3H+ ( a q )  +  3e = A s ( s )  +  2H Z0 ( £ ) 0 .1 0

3 . S b 0 + ( a q )  +  2H+ ( a q )  +  3e  = S b ( s )  +  H20 ( £ ) 0 .0 6

4 . 2H+ ( a q )  +  2e  = H 2 ( g ) 0.0

5 . Co+ + ( a q )  +  2 e  = C o (s ) - 0 . 4 6

6 . N i+ + ( a q )  + 2e = N i ( s ) - 0 . 4 6

7 . Cd+ + ( a q )  + 2e  = C d (s ) - 0 . 6 2

8 . F e + + ( a q )  +  2 e  = F e ( s ) - 0 . 6 4

9 . Z n + + ( a q )  +  2 e  = Z n ( s ) - 0 . 8 1

1 0 . Mn+ + ( a q )  +  2e  = M n (s ) - 1 . 2 6
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t h e  d e c r e a s e  i n  c a t h o d i c  p o l a r i z a t i o n  t o  a w e a k e n in g  o f  t h e  

h y d r o g e n - e le c t r o d e  b o n d  w h ic h  r e d u c e s  t h e  b lo c k a g e  o f  z i n c  d e p o ­

s i t i o n  r e s u l t i n g  i n  a lo w e r  e x p e n d i t u r e  o f  e n e r g y . T h e s e  

i n v e s t i g a t i o n s  h a v e  sh o w n  t h a t  e v e n  i m p u r i t i e s  m o re  e le c t r o n e g a ­

t i v e  th a n  z in c  ( i . e .  Mn+ + , Na+ , Ca+ + , a n d  Mg+ + ) may h a v e  a 

n o t i c e a b le  i n f l u e n c e  o n  t h e  d e p o s i t i o n  p r o c e s s .

T h i r d ,  s t u d ie s  h a v e  sh o w n  t h a t  t h e  s p e c i f i c  r e s i s t a n c e  o f  

t h e  e l e c t r o l y t e  c a n  b e  in c r e a s e d  b y  t h e  p re s e n c e  o f  m e ta l  s u l ­

f a t e s  s u c h  a s  s o d iu m ,  m a g n e s iu m , o r  a lu m in u m . I n c r e a s in g  t h e  

r e s i s t a n c e  o f  t h e  e l e c t r o l y t e  a l s o  c a u s e s  a r e d u c t i o n  i n  t h e  

e n e r g y  e f f i c i e n c y . ( 3 2 ,1 2 6 )

F o u r t h ,  g a l v a n i c  c e l l s  c a n  b e  s e t  up o n  t h e  e l e c t r o d e  

s u r f a c e  a t  s i t e s  o f  l o c a l i z e d  p o t e n t i a l  d i f f e r e n c e .  S u ch  c e l l s  

c a n  b e  i n i t i a t e d  b y  s u r f a c e  ro u g h n e s s  o r  d e n d r i t e  f o r m a t i o n .

When i m p u r i t i e s  m o re  e l e c t r o p o s i t i v e  th a n  z in c  a r e  p r e s e n t ,  t h e  

i m p u r i t y  io n s  c a n  be  d e p o s i t e d  a n d  c a u s e  c o r r o s io n  o f  t h e  

a l r e a d y  d e p o s i t e d  z i n c .  T h e  r e a c t i o n  i s  g iv e n  b e lo w :

Zn ( s )  +  n M+ ( a q ) = Z n + +  ( a q )  + n M ( s )

S u c h  m i c r o c e l l s  c a n  e x i s t  o n  p u re  z in c  c a th o d e  s u r f a c e s ,  

e s p e c i a l l y  a t  lo w  c u r r e n t  d e n s i t i e s .  A t  lo w  c u r r e n t  d e n s i t i e s ,  

c a t h o d i c  p r o t e c t i o n  o f  t h e  z in c  may be m a r g in a l  a n d  i n  a c id  

s o l u t i o n ,  l o c a l  v a r i a t i o n s  i n  p o t e n t i a l  c a u s e d  b y  s u r f a c e  r o u g h ­

n e s s  may s e t  up  l o c a l i z e d  a n o d ic  a r e a s .  T h e  z in c  i n  t h e s e  a re a s  

w i l l  d i s s o l v e  a n d  h y d ro g e n  io n s  w i l l  be  d is c h a r g e d  o n  t h e  l o c a l  

c a t h o d i c  z in c  a r e a s .  H y d ro g e n  c u r r e n t  y i e l d s  b a s e d  o n  c o m p a r is o n  

w i t h  h y d ro g e n  p o l a r i z a t i o n  d a ta  h a v e  b e e n  fo u n d  t o  be  g r e a t e r
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th a n  100% f o r  su c h  s i t u a t i o n s . I n c r e a s i n g  t h e  z in c  c o n t e n t  

o r  d e c r e a s in g  t h e  l e v e l  o f  im p u r i t y  and  a c id  c o n t e n t  has b e e n  

shown t o  re d u c e  t h e  a c t io n  d e s c r ib e d  a b o v e . In c r e a s in g  th e  

c u r r e n t  d e n s i t y  in c r e a s e s  t h e  c a t h o d ic  p o l a r i z a t i o n  a n d , c o n s e ­

q u e n t l y ,  t h e  c a t h o d ic  p r o t e c t i o n  o f  t h e  z i n c . ^ 1 0 ^

F i f t h ,  a  m e ch a n ism  d i r e c t l y  r e l a t e d  t o  t h a t  a b o v e  w i l l  be  

d is c u s s e d .  When th e  am o u n t o f  im p u r i t y  i s  q u i t e  s m a l l ,  th e  

d e p o s i t io n  r a t e  o f  th e  im p u r i t y  w i l l  be d i f f u s i o n - c o n t r o l l e d ,  

and t h e r e f o r e  q u i t e  s lo w  when c o m p ared  w i t h  t h e  r a t e  o f  z in c  

d e p o s i t i o n .  T h e  am o u n t o f  im p u r i t y  d e p o s i t in g  a t  t h e  e l e c t r o d e  

i s  i n s u f f i c i e n t  t o  c a u s e  much c o r r o s io n  due t o  th e  r e p la c e m e n t  

r e a c t i o n  m e n t io n e d  p r e v i o u s l y .  H o w e v e r , t h e  s m a ll  a r e a s  o f  th e  

e l e c t r o d e  c o v e r e d  by  t h e  im p u r i t y  m e ta l may h a v e  s i g n i f i c a n t l y  

d i f f e r e n t  h y d ro g e n  e v o l u t i o n  c h a r a c t e r i s t i c s  th a n  t h e  z i n c .

U n d e r  c o n d i t io n s  o f  f i x e d  o v e r v o l t a g e s ,  a r e a ,  an d  t e m p e r a t u r e ,  

t h e  r a t i o  o f  h y d ro g e n  e v o lv e d  on a p la t in u m  s u r f a c e  t o  a z in c  

s u r f a c e  i s  a b o u t  T h u s , e v e n  s m a ll  f r a c t i o n s  o f

c a th o d e  a r e a  c o v e r e d  by p la t in u m  c a n  h a v e  d r a s t i c  e f f e c t s  on 

t h e  r a t e  o f  h y d ro g e n  e v o l u t i o n .  O t h e r  m e ta ls  can  e x h i b i t  s i m i ­

l a r  e f f e c t s .  ( 3 2 >5 7 > 7 0 , 7 6 , 1 0 7 , 1 4 4 , 1 7 5 )  s t h e d e p o s i t io n  p ro c e s s

s t a r t s ,  b o th  th e  i m p u r i t y  an d  z in c  a r e  d e p o s i t e d  o v e r  t h e  w h o le  

e l e c t r o d e  s u r f a c e .  T h e  d e p o s i t io n  r a t e  o f  t h e  im p u r i t y  w i l l  be  

p r o p o r t i o n a l  t o  i t s  c o n c e n t r a t io n  in  t h e  e l e c t r o l y t e .  T h e  s u r ­

f a c e  re m a in s  g e n e r a l l y  sm ooth  d u r in g  th e  i n i t i a l  d e p o s i t io n  

p e r i o d ,  an d  a u n i fo r m  c a th o d e  p o t e n t i a l  e x i s t s  w i t h o u t  th e  

p re s e n c e  o f  a n y  e x t e n s iv e  m ix e d  p o t e n t i a l  r e g io n s .  A f t e r  a 

c e r t a i n  t i m e ,  a c t i v a t i o n  o f  t h e  c o - d e p o s i t e d  im p u r i t y  b e g in s  due
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t o  c h a n g e s  i n  t h e  s u r f a c e  m o r p h o lo g y ^ 7 2  ̂ o r  s u r f a c e  r o u g h n e s s .  

When t h e  s u r f a c e  b e com es r o u g h ,  t h e  s p e c i f i c  c a th o d e  c u r r e n t  

d e n s i t y  f o r  z i n c  d e c re a s e s  a t  t h e  r e c e s s e d  a r e a s .  A l o c a l  

p o t e n t i a l  d i f f e r e n c e  i s  c r e a t e d ,  a n d  t h i s  c a n  i n i t i a t e  z in c  

c o r r o s i o n .  As t h e  z in c  c o r r o d e s ,  m o re  im p u r i t y  i s  e x p o s e d ,  an d  

i t  te n d s  t o  a g g lo m e r a te  s in c e  i t  i s  c a t h o d i c a l l y  p r o t e c t e d .  

H y d ro g e n  e v o l u t i o n  in c r e a s e s ,  b e c a u s e  m o re  s i t e s  f a v o r a b le  t o  

h y d ro g e n  d is c h a r g e  a r e  u n c o v e r e d .  T h e  r e - s o l u t i o n  o f  t h e  z in c  

p ro c e e d s  a t  a n  e v e r  i n c r e a s in g  r a t e .  T h e  pH a t  t h e  c o r r o s io n  

s i t e  c a n  a ls o  be h ig h e r  du e  t o  a d e f i c i e n c y  i n  H+ io n s  w h ic h  

a r e  r e d u c e d  t o  h y d r o g e n .  T h u s  t h e  p o t e n t i a l  d i f f e r e n c e s  

b e tw e e n  t h e  c o r r o d in g  a n d  n o n - c o r r o d in g  a re a s  a r e  a c c e n t u a t e d ,  

t h e r e b y  i n c r e a s i n g  t h e  d r i v i n g  f o r c e  o f  t h e  r e a c t i o n .  When t h e  

c o r r o s io n  o f  z i n c  p ro c e e d s  f a r  e n o u g h  t o  e x p o s e  t h e  A l  s u b s t r a t e ,  

h y d ro g e n  e v o l u t i o n  c a n  o c c u r  a t  b o th  t h e  c o r r o s i o n  s i t e s  a n d  on 

t h e  hi  c a th o d e .  A t  t h i s  s t a g e ,  a d r a s t i c  d e c re a s e  i n  t h e  c u r r e n t  

e f f i c i e n c y  i s  o b s e r v e d . T h e  c u r r e n t  d e n s i t y  on  t h e  a lu m in u m  

s u r f a c e  c a n  b e  h ig h e r  th a n  i n  t h e  b u lk  a r e a s  w h e re  t h e  z in c  i s  

d e p o s i t i n g  d u e  t o  f u r t h e r  a g g lo m e r a t io n  o f  i m p u r i t i e s .  T h is  

a l s o  s t r e n g t h e n s  t h e  c o r r o s i o n  d r i v i n g  f o r c e .  O nce  t h e  p ro c e s s  

i s  i n i t i a t e d ,  i t  c a n  becom e s o m e w h a t a u t o c a t a l y t i c .  F a c to r s  

w h ic h  w o u ld  r e d u c e  t h e  e f f e c t s  o f  i m p u r i t i e s  a c t i n g  i n  t h i s  

f a s h io n  w o u ld  i n c l u d e :  o p e r a t i o n  a t  lo w e r  t e m p e r a t u r e s ;  r e d u c ­

t i o n  i n  h y d ro g e n  io n  c o n c e n t r a t i o n ;  r e d u c t i o n  i n  t h e  a m o u n t o f  

i m p u r i t y  i n  t h e  s o l u t i o n ;  u s e  o f  h ig h e r  z in c  c o n c e n t r a t i o n s ;  

t h e  u s e  o f  h ig h e r  c u r r e n t  d e n s i t i e s ;  a n d  m a in te n a n c e  o f  l e v e l  o r  

u n i f o r m  d e p o s i t s .  V a r io u s  a d d i t i o n  a g e n ts  w h ic h  m ig h t  c o u n t e r a c t



136

t h e  e f f e c t s  o f  i m p u r i t i e s  w h ic h  a c t  i n  t h i s  m a n n e r h a v e  b e e n  i n ­

v e s t i g a t e d ^ 3 3 , 3 6 , 4 0 , 4 6 , 5 6 ’ 6 8 ’ 7 3 ' 7 5 ’ 1 4 5 " 1 5 6  ̂ T h e  u s e  o f  h ig h e r  

c u r r e n t  d e n s i t i e s  a id s  i n  s e v e r a l  w a y s .  F i r s t ,  t h e  r e l a t i v e  

p r o p o r t i o n  o f  i m p u r i t y  t o  z in c  i n  t h e  d e p o s i t  i s  r e d u c e d  b e c a u s e  

t h e  i m p u r i t y  d e p o s i t i o n  i s  d i f f u s i o n - c o n t r o l l e d .  S e c o n d , 

i n c r e a s e d  c u r r e n t  d e n s i t y  c a u s e s  in c r e a s e d  c a t h o d ic  p o l a r i z a t i o n  

a n d  m o re  z i n c  i s  c a t h o d i c a l l y  p r o t e c t e d  f r o m  c o r r o s i o n .  A t  v e r y

( 3 2 1
h ig h  c u r r e n t  d e n s i t i e s ,  " a n o d ic  p r o t e c t i o n "  i s  t h o u g h t  t o  o c c u r . '  ' 

W h a t t h i s  m eans i s  t h a t  s u f f i c i e n t l y  h ig h  c u r r e n t  d e n s i t i e s  a re  

u s e d  w h ic h  c a u s e  t h e  p o l a r i z a t i o n  on  th e  c a th o d e  a r e a s  t o  re a c h  

t h e  p o i n t  w h e re  z in c  d e p o s i t s  on  t o p  o f  t h e  i m p u r i t y  s i t e s .

F i n a l l y ,  a  d e c r e a s e  i n  t h e  z in c  c u r r e n t  e f f i c i e n c y  c a n  o c c u r  

t h r o u g h  t h e  f o r m a t io n  o f  h y d r id e s  a t  t h e  c a th o d e  s u r f a c e .  G e r ­

m a n iu m  a n d  a n t im o n y  a r e  t h o u g h t  t o  a c t  i n  t h i s  f a s h i o n . ' 3 ^ ’ 3 5 ^

T h e  i m p u r i t i e s  m ay i n t e r a c t  w i t h  h y d ro g e n  io n s  i n  t h e  d o u b le  

l a y e r  t o  f o r m  h y d r id e s  o r  may d e p o s i t  c a t h o d i c a l l y  o n  t h e  z in c  

a n d  th e n  f o r m  a h y d r id e .  T h e  a c t u a l  s i t e  w h e re  t h e  h y d r id e  

fo r m s  i s  q u e s t i o n a b le .  I n  e i t h e r  c a s e ,  h y d ro g e n  e v o l u t i o n  c a n  

o c c u r  b y  t h e  f o r m a t io n  o f  a s t a b l e  h y d r id e  i n  t h e  v i c i n i t y  o f  

t h e  e l e c t r o n  s u r f a c e  ( i . e .  t h e  d o u b le  l a y e r ) .  T h e  h y d r id e  d i f ­

f u s e s  o u t  i n t o  t h e  b u lk  s o l u t i o n  a n d  be com es u n s t a b le  b e c a u s e  o f  

t h e  lo w e r  pH a n d  t h e  l a c k  o f  c a t h o d ic  p r o t e c t i o n .  T h e  h y d r id e  

w o u ld  th e n  d e c o m p o s e . H y d ro g e n  g a s  w o u ld  be  e v o lv e d ,  a n d  th e  

m e ta l  c a t i o n  w o u ld  be f r e e d  t o  p a r t i c i p a t e  i n  a n o t h e r  i d e n t i c a l  

s e q u e n c e  o f  c h e m ic a l  s t e p s .  T h e  h y d ro g e n  e v o l u t i o n  r e a c t i o n  

w o u ld  n o t  h a v e  t o  t a k e  p la c e  d i r e c t l y  o n  t h e  z i n c  e l e c t r o d e ,  

s in c e  t h e  h y d r id e  c o u ld  be  fo rm e d  i n  t h e  d o u b le  l a y e r  w i t h o u t
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depos i t i ng on t he z i nc . v '  An ex ampl e of  t hi s  i s as f ol l ows :

I n t he doubl e l ayer :

x M+ + y  H+ + ( x+y) e~ = Mx Hy

I n bul k  sol ut i on:

Mx  Hy = xM+ + l / 2y  H2 ( g ) + xe~

I mpur i t i es  of  t hi s  t ype c oul d ac t  as hy dr ogen depol ar i z er s  

( al l ow eas i er  hy dr ogen ev ol ut i on)  and t hei r  ef f ec t i v e c onc ent r a ­

t i ons  c oul d be or der s  of  magni t ude l ower  t han i mpur i t i es  whi c h 

ac t ual l y  depos i t  wi t h z i nc ,  s i nc e t hey  ar e not  c ons umed by t he 

r eac t i on.

3.  Cat hodi c  Pol ar i z at i on and Depos i t  Mor pho l ogy . A f ac t or  ar i s ­

i ng f r om t he i nf l uenc e of  i mpur i t i es  at  t he el ec t r ode sur f ac e i s 

t he degr ee of  c at hodi c  pol ar i z at i on.  I mpur i t i es  i n t he e l ec t r o ­

l y t e can c aus e al t er nat i v e r eac t i ons  t o t ake pl ac e at  t he cat hode 

as has been di s c us s ed above,  and t hes e r eac t i ons  r es ul t  i n t he 

pas s age of  mor e c ur r ent  at  a gi v en pot ent i al  t han woul d oc c ur  i n 

t hei r  abs enc e ( i . e.  mor e hy dr ogen ev ol ut i on) .  The meas ur ed 

c at hodi c  pot ent i al  may  be l ess  el ec t r onegat i v e f or  t he same 

appl i ed c ur r ent  dens i t y .  I nv es t i gat or s  have s hown t hat  i mpur i t y  

i nt er ac t i on may  cause t he c at hode pot ent i al  t o bec ome mor e el ec -  

t r opos f t i v e. <3 2 >72- 7 5 - ' 0 8 - 1 4 2>

The s t r uc t ur e,  or i ent at i on,  and mor phol ogy  of  t he z i nc  depo ­

s i t  may  be i nf l uenc ed by t he i nt er ac t i on of  i mpur i t i es  at  t he 

cat hode.  St udi es  have s hown t hat  t he cr ys t al  or i ent at i ons  of  

t he depos i t  depend on t he ov er - v ol t age of  nuc l ei  f or mat i on.

( 7 2 )
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T h e  m a in  c a u s e s  f o r  t h e  p o t e n t i a l  d i f f e r e n c e s  b e tw e e n  c r y s t a l l o ­

g r a p h ic  p la n e s  h a v e  b e e n  r e l a t e d  t o  t h e  r e t i c u l a r  d e n s i t i e s  o f  

t h e  d i f f e r e n t  c r y s t a l l o g r a p h i c  p la n e s .

S in g le  c r y s t a l  s t u d ie s  p e r fo r m e d  o n  a z in c  c r y s t a l  h a v e  c o n ­

f i r m e d  t h e  v a r i a t i o n  o f  e le c t r o d e  p o t e n t i a l  w i t h  c r y s t a l l o g r a p h i c  

p l a n e . ^ 1 6 5  ̂ O th e r  s t u d ie s  h a v e  sh o w n  s i m i l a r  e f f e c t s .

T h e  c h a n g e  i n  c a t h o d ic  p o l a r i z a t i o n  c a u s e d  b y  t h e  i n t e r ­

a c t i o n  o f  t h e  i m p u r i t i e s  c a n  c a u s e  c e r t a i n  p r e f e r r e d  o r i e n t a t i o n s  

t o  d e v e lo p  f o r  t h e  z i n c  d e p o s i t .  I n v e s t i g a t o r s  h a v e  fo u n d  t h a t  

i n c r e a s in g  c o n c e n t r a t io n s  o f  m o s t c a t i o n i c  i m p u r i t i e s  t e n d  t o  

p ro d u c e  a p r e f e r r e d  ( 0 0 - 2 )  o r i e n t a t i o n  f o r  z i n c .  O r g a n ic  a d d i ­

t i v e s ,  w h ic h  g e n e r a l l y  c a u s e  in c r e a s e d  c a t h o d ic  p o l a r i z a t i o n ,  

w e re  fo u n d  t o  s h i f t  t h e  o r i e n t a t i o n  t o  ( 1 0 - 1 ) . ( 7 2 . 1 7 0 , 1 7 1 )  j y  1S 

a ls o  r e p o r t e d  t h a t  c e r t a i n  i n o r g a n i c  i m p u r i t i e s  c a n  i n t e r a c t  w i t h  

t h e  o r g a n ic  a d d i t i v e s  a n d  c o u n t e r a c t  o r  c a n c e l o u t  e a c h  o t h e r ' s  

e f f e c t s  o n  t h e  m e ta l d e p o s i t i o n . ^ 7 3 ~ 7 5  ̂ C h a n g e s  i n  t h e  o v e r ­

p o t e n t i a l  a n d  o r i e n t a t i o n  a r e  n o te d .  I n  t h e  i n v e s t i g a t i o n  o f  

a n t im o n y  i n  c o m b in a t io n  w i t h  g lu e ,  t h e  o r i e n t a t i o n  a n d  p o l a r i z a ­

t i o n  w e re  fo u n d  t o  go  t h r o u g h  t h e  s e q u e n c e  a s  sh o w n  i n  T a b le  

I I I . ^ 1 7 2 ) I t  i s  a ls o  fo u n d  t h a t  t h e  c r y s t a l  s i z e  i s  a f f e c t e d  b y  

t h e  p r e s e n c e  o f  i m p u r i t i e s . ( ^ 3 , 7 5 , 1 6 2 )  ni0r p|.,0 -|0 g y  o b t a in e d

w i t h  a d d i t i v e s  o r  i m p u r i t i e s  w h ic h  d e p o la r i z e  c a t h o d ic  d is c h a r g e  

o f  h y d ro g e n  i s  c h a r a c t e r i z e d  b y  l a r g e  c r y s t a l  f a c e t s  w h ic h  a p p e a r  

t o  h a v e  a s l i g h t  p r e f e r r e d  o r i e n t a t i o n  t o  t h e  a lu m in u m  s u b s t r a t e  

c o m p a re d  t o  t h a t  f o r  t h e  a d d i t i o n - f r e e  z in c  e l e c t r o l y t e s . ^ 1 7 2 ^

T h e  f o r m a t io n  o f  h y d r id e s  ( i . e .  b y  a n t im o n y ,  g e rm a n iu m ) c a n  

d e p o la r i z e  th e  c a th o d e  b y  p r o v id in g  an  a l t e r n a t i v e  p a th  f o r
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T a b le  I I I .  E f f e c t  o f  A n t im o n y  a n d  G lu e  A d d i t i o n s  o n  C r y s t a l  O r i e n t a ­

t i o n  a n d  P o l a r i z a t i o n .

A d d i t i o n - f r e e

E x c e s s  A n t im o n y  or  Sb - Gl u e  Co mb i n a t i o n  E x c e s s  G lu e

( 0 0 - 2 )  ( 1 0 - 3 )  — -----------  ( 1 1 - 2 )  ( 1 1 - 4 )  ( 1 0 - 2 )  ................  ( l O - l )  ( 1 1 - 0 )

D e c r e a s in g  -----------------------  O v e r p o t e n t i a l  ----------------------  I n c r e a s in g
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h y d ro g e n  d is c h a r g e .  T h e  p re s e n c e  o f  im p u r i t y  a t  t h e  e le c t r o d e  

may a ls o  c a u s e  d e p o l a r i z a t i o n  b y  i n t e r f e r i n g  w i t h  a d s o r p t io n  o f  

h y d ro g e n  io n s  o n  t h e  v a r io u s  z in c  c r y s t a l  p la n e s .  T h e  d e c re a s e d  

p o l a r i z a t i o n  le a d s  t o  a r e d u c t i o n  i n  z in c  n u c l e a t i o n ,  a n d  t h i s  

le a d s  t o  a n  in c r e a s e  i n  t h e  s i z e  o f  th e  o b s e rv e d  z in c  p l a t e ­

l e t s . ^ ^  O r g a n ic  a d d i t i v e s ,  w h ic h  a p p e a r  t o  in c r e a s e  c a t h o d ic  

p o l a r i z a t i o n ,  d e c re a s e  t h e  c r y s t a l l i t e  s i z e .  In c r e a s e d  p o l a r i ­

z a t i o n  f a v o r s  in c r e a s e d  n u c le a t i o n  a n d  a f i n e r  c r y s t a l l i n e  s i z e ,  

b e c a u s e  m o re  e n e r g y  i s  a v a i l a b l e  t o  c a u s e  n u c le a t i o n  a t  t h e  m o re  

e l e c t r o n e g a t i v e  p o t e n t i a l .  A d s o r p t io n  o f  t h e  o r g a n ic  a l s o  c a n  

a c t  t o  b lo c k  s i t e s  f o r  c r y s t a l  g r o w th .  T h e  n e t  e f f e c t  i s  

d e c re a s e d  c r y s t a l l i t e  s i z e . 0 4 5 , 1 5 3 , 1 5 6 )  ^  g e n e r a l ,  th e

e f f e c t s  o f  a d d i t i v e s  a n d  i m p u r i t i e s  o n  t h e  s t r u c t u r e  a n d  o r i e n ­

t a t i o n  o f  t h e  z in c  d e p o s i t  an d  t h e  d e g re e  o f  c a t h o d ic  p o l a r i z a ­

t i o n  a r e  v e r y  s i g n i f i c a n t .

4 .  R e v ie w  o f  G e n e ra l I m p u r i t y  E f f e c t s . I n  s u m m a ry , t h e  i n t e r ­

a c t i o n s  o f  t h e  i m p u r i t i e s  a t  t h e  c a th o d e  c a n  g r e a t l y  a f f e c t  t h e  

d e p o s i t i o n  p r o c e s s .  C h a n g e s  i n  c r y s t a l l i n e  o r i e n t a t i o n ,  c a t h o d ic  

p o l a r i z a t i o n ,  c u r r e n t  e f f i c i e n c y ,  a n d / o r  p o w e r c o n s u m p t io n  may 

o c c u r .  R e d u c t io n  o f  t h e  c u r r e n t  e f f i c i e n c y  may o c c u r  b y  a n u m b e r 

o f  d i f f e r e n t  m e c h a n is m s . T he l e v e l s  o f  im p u r i t y  n e c e s s a r y  t o  

i n f l u e n c e  t h e  p ro c e s s  a r e  n o t  v e r y  la r g e  an d  t h e  e f f e c t s  c a n  be 

q u i t e  p ro n o u n c e d .

5 .  I n d i v i d u a l  I m p u r i t y  C h a r a c t e r i s t i c s .

a .  A n t im o n y . A n t im o n y  l e v e l s  as lo w  as 0 .0 2  m g /£  n o t i c e ­

a b l y  lo w e r  t h e  c u r r e n t  e f f i c i e n c y .  T h e  d i s s o l u t i o n  o f  z in c  

b e com es q u i t e  h ig h  f o r  a n t im o n y  a d d i t i o n s  a p p r o a c h in g
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0 .0 5  m g /£  a n d  n o d u la r  d e p o s i t s  o f  z i n c  a r e  s o m e tim e s  o b -

. ( 3 1 - 3 4 , 4 5 - 4 8 , 5 5 , 5 8 - 6 1 , 6 7 )  „  . . .  .
s e r v e d /  ’  * * '  D e n d r i t e  f o r m a t io n  ha s

a ls o  b e e n  fo u n d  f o r  a n t im o n y - c o n t a in in g  s o l u t i o n s . ( 5 0 , 5 2 , 6 3 )  

The  i n f l u e n c e  o f  a n t im o n y  on t h e  e le c t r o d e  p ro c e s s e s  

in c r e a s e s  w i t h  a c id  c o n c e n t r a t i o n  an d  te m p e r ­

a t u r e  . ( 3 1 - 3 M 5 - 4 8 , 5 5 , 5 8 - 61 , 6 7 )  T h e  c a th o d e  p o t e n t i a l

be com es i n c r e a s i n g l y  e l e c t r o p o s i t i v e  f o r  s o l u t i o n s  c o n t a i n ­

in g  i n c r e a s in g  a m o u n ts  o f  a n t i m o n y / 3 2 , 3 7 , 4 7 , 7 2 ' 7 5 , 1 7 2 ^

A ( 0 0 - 2 )  t y p e  o f  p r e f e r r e d  o r i e n t a t i o n  h a s  b e e n  fo u n d  f o r

z in c  e le c t r o d e p o s i t e d  f r o m  a n t im o n y - b e a r in g  e l e c t r o -  

l y t e s . ( 7 2 , 7 4 ,1 7 2 )

R a d io t r a c e r  s t u d ie s  i n d i c a t e  t h a t  t h e  a m o u n t o f  a n t i ­

m ony d e p o s i t i o n  d e p e n d s  o n  t h e  a m o u n t o f  a n t im o n y  i n  t h e  

e l e c t r o l y t e . ( 3 0 > 3 9 » 1 6 4 )  j ^ g  r a t e  0 f  a n t im o n y  d e p o s i t i o n  i s  

c o n t r o l l e d  b y  t h e  d i f f u s i o n  r a t e  t o  th e  e le c t r o d e  i n t e r f a c e .

V a r io u s  s t u d ie s  a t t r i b u t e  t h e  i n t e r a c t i o n  o f  a n t im o n y  

a t  t h e  e le c t r o d e  t o  l o c a l  c e l l  a c t i o n  a n d  h y d r id e  fo r m a ­

t i o n . ^ 32,35,39 ,4 0 ,4 3,4 8 ,50 -53,55,57  , 6 6 >6 9 ’ 7 0 ) s e v e r a l  

s t u d ie s  h a v e  b e e n  d o n e  t o  d e te r m in e  t h e  e x c h a n g e  c u r r e n t  f o r  

h y d ro g e n  on  z in c  a n d  o t h e r  T a f e l  c h a r a c t e r i s t i c s . ( 5 7 , 7 ° / 4 4 ) 

T h e  e x c h a n g e  c u r r e n t  f o r  h y d ro g e n  e v o l u t i o n  on z in c  i s  

r e p o r t e d  t o  be  1 .2 6  x  1 0 " 8 A /c m 2 . ^ 7 0  ̂ T h e  v a lu e  on  a n t im o n y  

ra n g e s  f r o m  2 .6 3  x  1 0 -8  t o  1 x  1 0 “ 8 A /c m 2 . { 7 0 ,1 4 4 )  C o m p a r i ­

s o n  o f  t h e  e x c h a n g e  c u r r e n t  v a lu e s  a b o v e  i n d i c a t e s  t h a t  

h y d ro g e n  e v o l u t i o n  c h a r a c t e r i s t i c s  on  z in c  a n d  a n t im o n y  a r e  

q u i t e  s i m i l a r .  T h is  w o u ld  te n d  t o  c a s t  some d o u b t  on  t h e  

p r e m is e  t h a t  l o c a l  c e l l  a c t i o n  i s  i n v o l v e d .  M o re  w o rk  i s
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n e c e s s a r y  t o  d e te r m in e  w h a t  m e c h a n is m  g o v e rn s  t h e  e l e c t r o ­

c h e m ic a l b e h a v io r  o f  a n t im o n y  a d d i t i o n s .

T h e  a d d i t i o n  o f  a n t im o n y  t o  some s o l u t i o n s  h a s  f a c i l i ­

t a t e d  t h e  s t r i p p i n g  o f  z in c  f r o m  t h e  c a th o d e  s u b s t r a t e .  

I n v e s t i g a t o r s  f e e l  t h a t  c h a n g e s  i n  t h e  d e p o s i t  s t r u c t u r e  

c a u s e d  b y  t h e  i n f l u e n c e  o f  a n t im o n y  may be r e s p o n -  

s 1b l e . < 4 2 - 4 4 )

V a r io u s  a d d i t i v e s  a p p e a r  t o  c o u n t e r a c t  t h e  i n f l u e n c e

o f  a n t im o n y .  G lu e ,  g e l a t i n ,  gum a r a b i c ,  a g a r - a g a r ,

q u a t e r n a r y  am m onium  s a l t s ,  u r a n in ,  d i e t h y l b u t y n e d i o l ,

d im e th y l  v i n y l e t h y y n y l c a r b i n o l , s u c r o s e ,  l e v u l o s e ,  t a n n i c

a c i d ,  a n d  s o d iu m  a n d  p o ta s s iu m  t a r t r a t e s  a r e  some o f  t h e

o r g a n ic  a d d i t i v e s  w h ic h  h a v e  b e e n  sh o w n  t o  be b e n e f i -  

d a l . ( 3 3 - 3 4 , 3 8 - 4 1 , 4 6 , 4 9 , 5 6 , 6 3 , 7 2 - 7 5 , 1 7 2 )  0 x 1 d iz 1 n g  a g e n ts >

s u c h  a s  p o ta s s iu m  p e rm a n g a n a te ,  s o d iu m  p e r o x id e ,  m a n g a n e s e  

d i o x i d e ,  a n d  h y d ro g e n  p e r o x id e  a r e  a ls o  c o m m o n ly  a d d e d  t o  

t h e  e l e c t r o l y t e  a n d  t h e y  h a v e  b e e n  fo u n d  t o  r e d u c e  t h e  

i n f l u e n c e  o f  a n t im o n y .

T h e  a d d i t i o n  o f  c o m b in a t io n s  o f  g lu e  a n d  a n t im o n y  t o  

e l e c t r o l y t e s  c o n t a in in g  o t h e r  a c t i v e  i m p u r i t i e s  i s  so m e ­

t im e s  b e n e f i c i a l . ( 38 >73- 75> l 7 2 ) B a la n c in g  t h e  p r o p e r  

a m o u n t o f  a n t im o n y  w i t h  g lu e  i s  q u i t e  im p o r t a n t ,  a n d  new 

te c h n iq u e s  a r e  b e in g  t e s t e d  t o  e n a b le  t h e  p r o p e r  a m o u n t o f  

a d d i t i o n  t o  be  m a de . The  d e p o s i t s  o b t a in e d  f r o m  s o l u t i o n s  

c o n t a in in g  b a la n c e d  a d d i t i o n s  o f  g lu e  a n d  a n t im o n y  a r e  

s m o o th  a n d  u n i f o r m ,  a n d  t h i s  may le s s e n  t h e  i n f l u e n c e  o f

i m p u r i t i e s  w h ic h  a c t  th r o u g h  t h e  l o c a l  c e l l  a c t i o n  t y p e  

(7 3 1
o f  m e c h a n is m . '
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A n t im o n y  d e p o s i t i o n  in c r e a s e s  f o r  e l e c t r o l y t e s  c o n ­

t a i n i n g  g l u e . ^ 3 9 ,4 ^  T h e  a m o u n t o f  h y d r id e s  fo rm e d  d u r ­

i n g  e l e c t r o l y s i s  f o r  s o l u t i o n s  c o n t a in in g  b o th  a n t im o n y  

a n d  g lu e  a p p e a rs  t o  be  l e s s . ^ 3 9 - 4 ^

C o m b in a t io n s  o f  a n t im o n y  w i t h  o t h e r  i m p u r i t i e s  ( i .  

e . ,  m a n g a n e s e , c o b a l t ,  a r s e n i c ,  a n d  B - n a p h t h o l )  e x h i b i t  

l a r g e r  i n f l u e n c e s  on  t h e  e le c t r o d e  p ro c e s s e s  th a n  w hen 

t h e  o t h e r  i m p u r i t i e s  a r e  a b s e n t . ^ 3 6 , 4 9 , 5 4  ̂ S uch  

s y n e r g is m  o f t e n  o c c u r s ,  b u t  i s  n o t  v e r y  w e l l  u n d e r s to o d ,

b .  A r s e n i c . T h e  l e v e l  o f  a r s e n ic  r e p o r t e d  

t o  a f f e c t  t h e  p r o c e s s  v a r i e s  f r o m  50 m g /£  t o  

0 .1  m g / £ . v * ’  * ’  * * * * '  T h e  m o s t r e c e n t

s t u d y ^ 6 7  ̂ i n d i c a t e s  t h a t  l e v e l s  up t o  5 mg/ £  c a u s e  

v i r t u a l l y  no  c u r r e n t  e f f i c i e n c y  l o s s .  O th e r  s t u d ie s  

i n d i c a t e  t h a t  a r s e n ic  l e v e l s  b e tw e e n  1 - 3  m g /£  le a d  t o  

d e c re a s e d  c a t h o d ic  p o l a r i z a t i o n  a n d  s p o n g y  z in c  

d e p o s i t s . ( 3 7 * 5 8 ) c o r r o s io n  o f  t h e  z in c  d e p o s i t  i s  a c c e ­

l e r a t e d  m o re  b y  a n t im o n y  o r  g e rm a n iu m , th a n  b y  e q u a l 

c o n c e n t r a t io n s  o f  c o p p e r ,  c a d m iu m , c o b a l t ,  o r  n i c k e l ,  

a n d  t h e  a c t i o n  o f  th e s e  m e ta ls  i s  g r e a t e r  th a n  

a r s e n i c . ^ 3 ^  T h e  i n v e s t i g a t o r s  w ho r e p o r t e d  t h e  h ig h  

v a lu e  f o r  a r s e n ic  (5 0  mg/ l )  o b s e rv e d  t h a t  h y d ro g e n  

e v o l u t i o n  a t  t h e  c a th o d e  w as re d u c e d .  T h e y  a t t r i b u t e  

t h i s  t o  p o is o n in g  o f  t h e  c a t a l y t i c  c e n t e r s  f o r  h y d ro g e n  e v o ­

l u t i o n  b y  d e p o s i t e d  a r s e n i c . ^ 3 6 ) The  a c t u a l  a m o u n t o f  

a r s e n i c  d e p o s i t i o n  w as lo w  w hen c o m p a re d  t o  o t h e r  im p u r i ­

t i e s .  T h e  i n t e r a c t i o n s  o f  a r s e n ic  a t  t h e  e le c t r o d e  f o r
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e l e c t r o l y t e s  c o n t a in in g  h ig h  a c id  c o n c e n t r a t io n s  a n d  a t  e l e ­

v a te d  te m p e r a tu r e  h a v e  n o t  b e e n  c l o s e l y  s t u d i e d .  M o s t o f  

t h e  a v a i l a b l e  d a ta  a r e  f o r  o n e  a c id  l e v e l  a n d  o n e  te m p e r a tu r e .  

M o re  d a ta  a r e  n e e d e d  t o  a s c e r t a i n  t h e  a c c e p t a b le  l e v e l s  o f  

a r s e n ic  i n  s o l u t i o n ,  e s p e c i a l l y  f o r  t h e  c o n d i t i o n s  o f  h ig h  

a c i d i t y  a n d  te m p e r a tu r e .  M o s t i n d u s t r i a l  z i n c  o p e r a t io n s  t r y  

t o  m a in t a in  a r s e n ic  l e v e l s  b e lo w  0 .1 m g / £ .0 5 9 , 19 - 2 0 )

O r g a n ic  r e a g e n t s ,  m a n g a n e se  d i o x i d e ,  a n d  a lu m in u m  s u l ­

f a t e  a r e  o f t e n  b e n e f i c i a l  a d d i t i v e s  f o r  a r s e n ic  c o n t a in in g  

e l e c t r o l y t e s . ( 3 4 , 4 0 , 4 7 , 5 6 , 7 7 , 1 0 7 )  H y d r a te d  m a n g a n e se  d io x id e

fo r m e d  a t  t h e  a n o d e  d u r in g  z in c  e l e c t r o l y s i s  p r o v id e s  a la r g e  

s u r f a c e  o f  s t r o n g  o x i d i z i n g  p o w e r a n d  a d s o r p t i v e  c a p a c i t y  a n d  

h e lp s  d e c re a s e  t h e  a m o u n t o f  a r s e n ic  i n  t h e  s o l u t i o n .  S im i ­

l a r  e f f e c t s  a r e  fo u n d  f o r  g e rm a n iu m  a n d  a n t im o n y .

M o re  s t u d ie s  a r e  n e e d e d  t o  s e e  w h a t  i n f l u e n c e  a r s e n ic  

ha s  on  t h e  z in c  m o rp h o lo g y  a n d  c r y s t a l l o g r a p h i c  o r i e n t a t i o n .  

A r s e n ic  may i n t e r a c t  a t  t h e  e le c t r o d e  b y  f o r m in g  s t a b l e  

h y d r id e s  a s  a r s in e  c a n  fo r m  i n  a c id  s o l u t i o n .  ( ^ 3 )  

a r s e n i c  d o e s  fo r m  s t a b l e  h y d r i d e s ,  t h e  e f f e c t s  o n  m o rp h o lo g y  

a n d  o r i e n t a t i o n  may be  q u i t e  s i m i l a r  t o  th o s e  a t t r i b u t e d  t o  

a n t im o n y .

A n t im o n y  a n d  a r s e n ic  h a v e  b e e n  r e p o r t e d  t o  e x h i b i t  some 

s y n e r g is m .  T h e  a r s e n ic  i n t e r a c t i o n s  w e re  e n h a n c e d  b y  th e  

p re s e n c e  o f  a n t im o n y .

c .  C a d m iu rn . T h e  p re s e n c e  o f  ca d m iu m  d o e s  n o t  c a u s e  th e  p r o ­

n o u n c e d  d e c re a s e  i n  c u r r e n t  e f f i c i e n c y  a s s o c ia t e d  w i t h  m any 

o t h e r  i m p u r i t i e s .  An e x c h a n g e  c u r r e n t  o f  1 .2 6  x  1 0 " 12A /c m 2
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i s  fo u n d  f o r  c a d m iu m  i n  a c id  s o l u t i o n ,  a n d  f o r  z i n c  t h e  v a lu e  

i s  1 .2 6  x  1 0 " 8 A /c m 2 . ^ ° )  S in c e  t h e  e x c h a n g e  c u r r e n t  o f  

h y d ro g e n  r e d u c t i o n  on  t h e  ca d m iu m  i s  lo w e r  th a n  on  t h e  z i n c ,  

t h e  z in c  s i t e s  s h o u ld  be f a v o r e d  f o r  h y d ro g e n  r e d u c t i o n .

L o c a l a c t i o n  c e l l  f o r m a t io n  s h o u ld  n o t  o c c u r .

T h e  m a in  i n f l u e n c e  o f  ca d m iu m  on  r e d u c in g  t h e  c u r r e n t  

e f f i c i e n c y  i s  th r o u g h  c o d e p o s i t i o n  w i t h  z i n c .  C adm ium  l e v e l s  

a r e  k e p t  s u f f i c i e n t l y  lo w  t o  p r e v e n t  t h i s  e f f e c t .

A s e p a r a te  ca d m iu m  r e c o v e r y  c i r c u i t  i s  u s u a l l y  a s s o c i ­

a t e d  w i t h  z in c  r e c o v e r y  a n d  as  much ca d m iu m  a s  i s  e c o n o m ic a l ­

l y  f e a s i b l e  i s  re m o v e d  f r o m  t h e  z in c  b e a r in g  s o lu -  

t i o n s . * 1 5 9 - 1 9 - 2 0 )

T h e  e f f e c t s  o f  ca d m iu m  on  t h e  m o rp h o lo g y  o f  t h e  z in c  

d e p o s i t  h a v e  b e e n  i n v e s t i g a t e d . ^ 2  ̂ M ix e d  o r i e n t a t i o n s  w e re  

fo u n d  f o r  z i n c  d e p o s i t s  o b t a in e d  f r o m  a s o l u t i o n  c o n t a in in g  

5 m g /£ .  O th e r  s t u d ie s  h a v e  b e e n  d o n e  t o  d e te r m in e  th e

( 3 5 )
p re s e n c e  o f  ca d m iu m  i n  t h e  d e p o s i t '  '  a n d  t h e  l e v e l s  t h a t  

c a n  b e  t o l e r a t e d  i n  t h e  s o l u t i o n . ^ > 3 4 ,4 0 ,6 0 ,6 5 )  o p e r a t o r s  

u s u a l l y  r e q u i r e  ca d m iu m  l e v e l s  b e lo w  1 mg/ £ .

d .  C o b a l t . C o b a l t  c a n  c a u s e  s e v e r e  lo s s e s  i n  c u r r e n t  e f f i ­

c i e n c y ,  a n d  t h e  re m o v a l o f  c o b a l t  f r o m  s o l u t i o n  b y  p u r i f i c a ­

t i o n  i s  q u i t e  d i f f i c u l t .

D e p e n d in g  o n  th e  c u r r e n t  d e n s i t y ,  z in c  c o n c e n t r a t i o n ,

a n d  a c i d i t y ,  c o b a l t  l e v e l s  as  h ig h  as  10  mg/ l  h a v e  b e en

( 2 1)
t o l e r a t e d  i n  c o m m e rc ia l z in c  e l e c t r o l y t e s . '  '  U s u a l l y ,  

l e v e l s  b e lo w  1 mgH  a re  u s e d . ( 1 5 9 ,1 9 - 2 0 )

D i f f i c u l t i e s  i n  p u r i f i c a t i o n  s o m e tim e s  c a u s e  h ig h e r
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l e v e l s  o f  c o b a l t  t h a n  d e s i r e d  t o  e n t e r  t h e  e l e c t r o l y s i s  c i r ­

c u i t .  T h e  d i f f i c u l t i e s  c a n  be t r a c e d  t o  t h e  i n t e r a c t i o n  o f  

z i n c  io n s  w i t h  c o b a l t  i o n s .  S m a ll a m o u n ts  o f  z in c  io n  i n  s o ­

l u t i o n  (6 g / l  Z n )  c a n  i n h i b i t  c o b a l t  d e p o s i t io n  f o r  s o l u t i o n s  

c o n t a in in g  as  h ig h  as 1 M c o b a l t  s u l f a t e . ( 8 6 , 9 2 - 9 3 , 9 8 , 1 0 0 - 1 0 3 )

A t  h ig h  z in c  l e v e l s ,  s i g n i f i c a n t  o v e r p o l a r i z a t i o n ,  as h ig h  as 

300 t o  35 0  mV, c a n  o c c u r .  ( 9 2 ,1 0 0 ,1 0 1 )  Sonie - j n v e s t ig a t o r s  

a t t r i b u t e  t h i s  e f f e c t  t o  t h e  f o r m a t io n  o f  z i n c - c o b a l t  a l l o y s  

w h ic h  h in d e r  c o b a l t  n u c l e a t i o n .  H O O - lO l ) o t h e r s  d o  n o t  

o b s e rv e  a l l o y  f o r m a t i o n ,  b u t  s t i l l  f i n d  o v e r p o l a r i z a t i o n .

T h e  d e p o s i t s  o b t a in e d  b y  th e s e  i n v e s t i g a t o r s  h a v e  a la y e r e d  

s t r u c t u r e . ^ 8 8  ̂ T h e y  a t t r i b u t e  t h e  i n h i b i t i o n  o f  c o b a l t  

n u c le a t i o n  t o  t h e  s p e c i f i c  a d s o r p t io n  o f  z in c  io n s  a t  t h e  

e l e c t r o d e .  T h e y  a ls o  f i n d  t h a t  h y d ro g e n  e v o l u t i o n  i s  f a v o r e d  

o v e r  c o b a l t  d e p o s i t i o n . T h e  s p e c i f i c  a d s o r p t io n  o f  t h e  

z in c  io n s  may b lo c k  a c t i v e  s i t e s  f o r  c o b a l t  n u c le a t i o n  a n d  

d is p la c e  t h e  c o b a l t  io n s  f r o m  t h e  d e n s e  p o r t i o n  o f  t h e  d o u b le  

l a y e r ,  t h e r e f o r e  h in d e r i n g  t h e i r  d is c h a r g e  a t  t h e  e l e c t r o d e .  

S i m i l a r  e f f e c t s  h a v e  b e e n  r e p o r t e d  f o r  n i c k e l  an d  i r o n . ^ 8 8  ̂

T h e  h in d e r i n g  e f f e c t  has b e e n  o b s e rv e d  t o  d e c re a s e  as th e  

r a t e  o f  d is c h a r g e  o f  t h e  z in c  io n  i n c r e a s e s . ^ 8 8  ̂ E ven  th o u g h  

t h e  p re s e n c e  o f  z in c  h in d e r s  t h e  d e p o s i t i o n  o f  c o b a l t ,  i t  

d o e s  n o t  s t o p  som e d e p o s i t i o n .  R a d io t r a c e r  s t u d ie s  show  t h a t  

som e c o b a l t  d e p o s i t i o n  d o e s  o c c u r  a n d  t h a t  t h e  a m o u n t d e p o s ­

i t e d  d e p e n d s  on  i t s  c o n c e n t r a t i o n  a n d  th e  z in c  c o n c e n t r a ­

t i o n .  ( 7 9 , 8 0 , £5 2 ,96 ) j n c r e a s in g  t h e  z in c  c o n c e n t r a t i o n  i n  th e  

e l e c t r o l y t e  d e c re a s e s  th e  a m o u n t o f  c o b a l t  i n  th e  d e p o s i t .
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I n c r e a s in g  th e  a c id  c o n t e n t  a l s o  i s  fo u n d  t o  d e c re a s e  th e  

a m o u n t o f  c o b a l t  d e p o s i t i o n  J 8 2 ) T h e  c o b a l t  i s  u n i f o r m ly  

d i s t r i b u t e d  i n  t h e  d e p o s i t .  ( 32 »6>3 )

C o b a l t  a l s o  d e p o s i t s  a t  t h e  a n o d e  an d  i n  a m o u n ts  much 

h ig h e r  th a n  a t  t h e  c a t h o d e . ( 7 9 , 8 0 - 8 5 , 9 0 )  Qe p o s j t i o n  a t  t h e  

a n o d e  c a u s e s  a lo w e r in g  o f  t h e  a n o d ic  p o t e n t i a l ^ a n d  

lo w e r s  t h e  e x t e n t  o f  a n o d e  c o r r o s i o n . ( 8 3 - 8 5 , 9 0 )  j n v e s t i -  

g a t o r s  c o n s id e r  c o b a l t  t o  be d e p o s i t e d  a t  t h e  a n o d e  as a 

C02O 3 f i l m / ^  T h e  e x t e n t  o f  c o b a l t  d e p o s i t i o n  a t  t h e  

a n o d e  d e p e n d s  on  t h e  a c i d i t y  o f  t h e  s o l u t i o n .

C o r r o s io n  o f  t h e  a n o d e  i s  a l s o  s m a l le r  f o r  l e a d - c o b a l t  

a n o d e s / 1 0 5 ^

T h e  b e n e f i c i a l  e f f e c t s  o f  c o b a l t  a t  t h e  a n o d e  m u s t be

b a la n c e d  a g a in s t  t h e  d e l e t e r i o u s  e f f e c t s  p ro d u c e d  a t  t h e

c a th o d e .  S e v e re  c u r r e n t  e f f i c i e n c y  lo s s e s  o c c u r  a t  t h e

( 2 1  32  901
c a th o d e  w h en  c o b a l t  i s  p r e s e n t  i n  s o l u t i o n .  * * '  T h e

c u r r e n t  e f f i c i e n c y  lo s s e s  a r e  fo u n d  t o  d e p e n d  o n  t h e  c o b a l t  

c o n t e n t  o f  t h e  e l e c t r o l y t e  a n d  u p o n  t h e  d u r a t i o n  o f  e l e c ­

t r o l y s i s .  I n v e s t i g a t o r s  f i n d  t h a t  i n i t i a l  c u r r e n t  e f f i ­

c i e n c y  f o r  s o l u t i o n s  c o n t a in in g  c o b a l t  i s  q u i t e  c lo s e  t o

(9 0  941
t h a t  o b t a in e d  f o r  s o l u t i o n s  w i t h o u t  t h e  i m p u r i t y . '  ’  '

T h e  c u r r e n t  e f f i c i e n c y ,  h o w e v e r ,  d e c a y s  w i t h  t im e .  The 

i n d u c t i o n  p e r io d  d e p e n d s  o n  t h e  a c i d i t y  an d  t h e  i m p u r i t y  

c o n c e n t r a t i o n . ^ > 8 2 ,9 0 ,9 4 ,9 9 ,1 0 4 )  i n c re a s e s  i n  a c i d i t y

a r e  e s p e c i a l l y  im p o r t a n t .  T e m p e r a tu re  in c r e a s e s  a ls o  

in c r e a s e  t h e  c o r r o s io n  o f  z i n c  f o r  c o b a l t - c o n t a i n i n g  

s o l u t i o n s . » 6 2 » 7 8 ,8 2 ,9 0 ,9 9 )  y he  (.3^ ^  p o t e n t i a l
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be com es le s s  e l e c t r o n e g a t i v e  a s  t h e  c o b a l t  c o n t e n t  o f  t h e  

e l e c t r o l y t e  i n c r e a s e s . ( 3 2 , 9 6 , 1 0 8 )

T h e  c u r r e n t  e f f i c i e n c y  lo s s  i s  a t t r i b u t e d  t o  l o c a l  c e l l  

a c t i o n ,  a n d  a m a rk e d  in c r e a s e  i n  h y d ro g e n  e v o l u t i o n  i s  

f o u n d . U 2 . 4 8 , 5 0 - 5 2 , 6 9 , 8 ? , 9 0 , 9 4 - 9 6 , 1 0 8 )  c y c le s  o f  z i n c

(9 4  9 5 l
f o r m a t i o n - r e d i s s o l u t i o n  o c c u r .  ’  ' T h e  e x c h a n g e  c u r r e n t

f o r  h y d ro g e n  d e p o s i t i o n  o n  c o b a l t  ( 4 . 5  x  1 0 “ 7 A /c m 2 ) i s  s i g ­

n i f i c a n t l y  h ig h e r  t h a n  f o r  z i n c . ^ 7 0  ̂ T h e r e f o r e ,  h y d ro g e n  

e v o l u t i o n  s h o u ld  o c c u r  m o re  r e a d i l y  on c o b a l t  s i t e s .

A c o n c e n t r a t i o n  l e v e l  o f  5 mg/ l  c o b a l t  p ro d u c e s  a 

( 0 0 . 2 )  p r e f e r r e d  o r i e n t a t i o n  f o r  t h e  z in c  d e p o s i t . ^ 7 ^  A t  

lo w e r  c o n c e n t r a t i o n s ,  t h e  o r i e n t a t i o n  i s  q u i t e  s i m i l a r  t o  

t h a t  o b t a in e d  f r o m  c o b a l t - f r e e  e l e c t r o l y t e s . ( 4 3 , 7 2 )

T h e  a d d i t i o n  o f  g lu e  a n d  o t h e r  o r g a n ic s  t o  c o b a l t  c o n ­

t a i n i n g  e l e c t r o l y t e s  i s  o f t e n  b e n e f i c i a l  i n  im p r o v in g  c u r ­

r e n t  e f f i c i e n c y  a n d  d e p o s i t  a p p e a r a n c e . ^ > 6 2 ,9 7 )  s i m i l a r  

r e s u l t s  o c c u r  f o r  t h e  a d d i t i o n  o f  g lu e  w i t h  a n t im o n y .  The 

u s e  o f  B - n a p h th o l  w i t h  g lu e  in c r e a s e s  t h e  c u r r e n t  

e f f i c i e n c y .  3 3 , 3 8 , 4 6 , 9 0 )  B - n a p h th o l  i s  t h o u g h t  t o  c o m p le x  

w i t h  t h e  c o b a l t  a n d  r e d u c e  i t s  p o s s ib le  i n t e r a c t i o n  a t  th e  

e l e c t r o d e . A m m o n i u m  s u l f a t e  a n d  g e l a t i n  a d d i t i o n s  a ls o  

h e lp  in c r e a s e  th e  c u r r e n t  e f f i c i e n c y .  O x id i z i n g  a g e n t s ,  

s u c h  as  p e rm a n g a n a te ,  s o d iu m  p e r o x id e ,  m a n g a n e s e  d i o x i d e ,  

a n d  h y d ro g e n  p e r o x id e  a r e  a l s o  u s e f u l  a d d i t i v e s . ( 5 6 , 9 0 , 1 0 8 )  

T h e  o x i d i z i n g  a g e n ts  may o x i d i z e  c o b a l t o u s  io n  t o  c o b a l t i c  

a n d  c o b a l t i c  i s  r e p o r t e d  t o  h a v e  le s s  e f f e c t  on  t h e  

c a t h o d ic  p r o c e s s .
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I n  t h e  a b s e n c e  o f  g lu e ,  c o b a l t  c o m b in a t io n s  w i t h  a n t im o n y  an d

B - n a p h th o l  lo w e r  t h e  c u r r e n t  e f f i c i e n c y  m o re  th a n  t h e  i n d i -

(5 4 1
v id u a l  i m p u r i t i e s /  '  O th e r  c o m b in a t io n s ,  s u c h  a s  c o p p e r  

a n d  c o b a l t  g i v e  s i m i l a r  e f f e c t s . ^ 3 5  ̂ A c c o r d i n g l y ,  a p r o p e r  

b a la n c e  o f  a d d i t i v e s  i s  v e r y  im p o r t a n t .

H ig h e r  c u r r e n t  d e n s i t y ,  lo w e r  a c id  c o n c e n t r a t i o n ,  h ig h ­

e r  z in c  c o n c e n t r a t i o n ,  a n d  lo w e r  t e m p e r a tu r e  a ls o  a id  i n  

d e c r e a s in g  t h e  i n t e r a c t i o n  o f  c o b a l t  a t  th e  c a t h o d e . ( 5 0 ,1 0 8 )  

L o w e r a c id  l e v e l s  p e r m i t  t h e  u s e  o f  c o b a l t  c o n c e n t r a t io n s  as 

h ig h  as 10  m g /£ .

e .  C o p p e r . C o p p e r  a p p e a rs  t o  i n t e r a c t  i n  much t h e  sam e way 

a s  do  c o b a l t  a n d  n i c k e l .  M o re  c o p p e r  i s  fo u n d  t o  d e p o s i t  

w i t h  t h e  z in c  th a n  a n y  o f  t h e  o t h e r  i m p u r i t i e s  (b a s e d  on 

e q u i v a l e n t  c o n c e n t r a t i o n s ) / 1 0 7  ̂ C o p p e r  i s  u n i f o r m l y  d i s t r i ­

b u te d  i n  t h e  z i n c  d e p o s i t . ( 3 2 , 4 0 )  c o n c e n t r a t i o n  l e v e l s  

g r e a t e r  th a n  1 m g /£  c a u s e  a c o n s id e r a b le  d ro p  i n  c u r r e n t  

e f f i c i e n c y  a n d  h y d ro g e n  o v e r - v o l t a g e .  ( 3 4 , 4 5 , 6 6 , 1 0 9 )  

a t t r i b u t e d  t o  l o c a l  c e l l  a c t i o n . ^ 3 2 , 3 5 , 4 3 , 5 0 , 5 1 , 5 7 , 5 7 ,1 0 9 ^

T h e  e x c h a n g e  c u r r e n t  f o r  h y d ro g e n  e v o l u t i o n  on  c o p p e r  i s  

r e p o r t e d  t o  b e  1 .7  x  1 0 " 7 A /c m 2 . ^ 7 0  ̂ T h is  i s  so m e w h a t lo w e r  

t h a n  t h a t  o f  c o b a l t  o r  n i c k e l ,  b u t  h ig h e r  th a n  t h a t  o f  z i n c .  

H o w e v e r , m uch le s s  c o p p e r  c a n  be t o l e r a t e d  i n  t h e  e l e c t r o l y t e  

t h a n  c o b a l t ,  b e c a u s e  m o re  c o p p e r  p la t e s  o u t  th a n  c o b a l t  a n d  

t h i s  p r o v id e s  m o re  s i t e s  f o r  h y d ro g e n  e v o l u t i o n  a t  t h e  c a th o d e .

S i m i l a r l y  a s  w i t h  c o b a l t  a d d i t i o n s ,  t h e  c a th o d e  p o te n ­

t i a l  a n d  c u r r e n t  e f f i c i e n c y  a r e  a f u n c t i o n  o f  t h e  c o p p e r  

c o n c e n t r a t i o n .  T h e  c a th o d e  p o t e n t i a l  becom es m o re
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e l e c t r o p o s i t i v e ,  a n d  t h e  c u r r e n t  e f f i c i e n c y  d e c re a s e s  w i t h  i n ­

c r e a s in g  c o p p e r  c o n c e n t r a t io n s  i n  t h e  e l e c t r o l y t e . ( 3 2 , 3 7 , 1 0 9 )

The  c u r r e n t  e f f i c i e n c y  an d  c a th o d e  p o t e n t i a l  a l s o  sh ow  a 

t im e  e f f e c t .  I n i t i a l l y ,  t h e  v a lu e s  a r e  s t e a d y ,  b u t  a f t e r

a c e r t a i n  i n d u c t i o n  p e r i o d ,  t h e y  b e g in  t o  c h a n g e  s i g n i f i c a n t ­

l y .  T h e  c u r r e n t  e f f i c i e n c y  d e c r e a s e s ,  and  t h e  c a th o d e  

p o t e n t i a l  be com es m o re  e l e c t r o p o s i t i v e .  In c r e a s e s  i n  te m p e r ­

a t u r e  an d  a c id  c o n t e n t  e n h a n c e  t h e  i n t e r a c t i o n  o f  c o p p e r  a t  

t h e  c a th o d e .  ( 3 2 . 4 8 , 5 1 , 6 9 )

D e n d r i t e  f o r m a t io n  i s  o b s e rv e d  f o r  s o l u t i o n s  c o n t a in in g  

c o p p e r ^ 5 8 , 5 2 , 8 2 , 6 3 ) a n d  s p o n g y  d e p o s i t s  o f  z in c  a r e  o b t a in e d  

f o r  s o l u t i o n s  c o n t a in in g  h ig h  l e v e l s  o f  t h i s  im p u ­

r i t y .  ( 3 7 * 4 7 ,5 8 )  ^  p r e f e r r e d  o r i e n t a t i o n  o f  ( 0 0 . 2 )  i s  o b s e rv e d  

f o r  z i n c  d e p o s i t e d  f r o m  a s o l u t i o n  c o n t a in in g  5 m g /£ .  ^ 2 ^

A d d i t i o n  a g e n t s ,  s u c h  as  g lu e  a n d  g e l a t i n  im p ro v e  th e  

c u r r e n t  e f f i c i e n c y ,  b u t  t h e  a d d i t i o n s  a r e  o n ly  m i l d l y  

e f f e c t i v e . ( 3 2 »3 3 >6 8 ) j h e a p p e a ra n c e  o f  t h e  d e p o s i t  a n d  t h e  

c u r r e n t  e f f i c i e n c y  a r e  im p ro v e d  w hen g lu e  i s  a d d e d  i n  c o n ­

j u n c t i o n  w i t h  a n t im o n y . ^ 3 8 ^

f .  G e rm a n iu m . E l e c t r o l y t e s  c o n t a in in g  g e rm a n iu m  sh ow  s e v e r e  

c u r r e n t  e f f i c i e n c y  lo s s e s  a t  c o n c e n t r a t i o n  l e v e l s  as  lo w  as

0 .0 2  m g / £ . ^ »3 ^ .1 1 4 ,1 1 6 ,1 1 7 )  yp,e c o n c e n t r a t i o n  l e v e l s  a r e

s i m i l a r  t o  th o s e  o f  a n t im o n y . ( 3 2 > 3 5 ,6 7 )  R a d io t r a c e r  s t u d ie s  

i n d i c a t e  t h a t  g e rm a n iu m  d e p o s i t i o n  i s  lo w .  1 1 3 ,1 6 4 )  

a m o u n t d e p o s i t e d  i s  lo w e r  th a n  t h e  a m o u n t o f  a n t im o n y  d e p o ­

s i t e d  u n d e r  s i m i l a r  c o n d i t i o n s .

The  i n t e r a c t i o n  o f  g e rm a n iu m  a t  t h e  c a th o d e  h a s
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n o t i c e a b le  e f f e c t s  o n  t h e  m o r p h o l o g y . A t  c o n c e n t r a t io n s

a s  lo w  a s  0 .01 mg/ l  a p r e f e r r e d  ( 00* 2 ) o r i e n t a t i o n  i s

( 72 )
o b t a in e d  f o r  t h e  z in c  d e p o s i t . '  '  T h e  i n t e r a c t i o n  a t  t h e  

c a th o d e  i s  e n h a n c e d  b y  lo w  c u r r e n t  d e n s i t i e s , ( 6 5 , 1 1 1 , 1 1 3 )

in c r e a s e d  t e m p e r a t u r e , ( 6 1 - 6 2 )  ancj i n c r e a s -jn g a c i d  COn c e n -

. ( 3 5 )
t r a t i o n .  1 T h e  a c t i o n  o f  g e rm a n iu m  i s  a t t r i b u t e d  t o  

h y d r id e  f o r m a t io n  b y  s o m e ^ ’ ^  a n d  t o  l o c a l  c e l l  a c t i o n  by 

o t h e r s .  ( 5 3 ,1 1 3 )  e f f e c ^ s may  be c a u s e c j b y  a c o m b in a t io n  

o f  t h e  tw o  m e c h a n is m s . S tu d ie s  sh o w  t h a t  e le m e n ta l  i r o n  

re d u c e s  g e rm a n iu m  o x id e  t o  t h e  e le m e n ta l  s t a t e . I f  

i r o n  re d u c e s  g e rm a n iu m , z i n c  p r o b a b ly  s h o u ld  a l s o ,  a n d  th u s  

g e rm a n iu m  s h o u ld  be d e p o s i t e d .  T h e  e x c h a n g e  c u r r e n t  v a lu e  

o f  h y d ro g e n  d e p o s i t i o n  o n  g e rm a n iu m  i s  1 x  10 “ 5 A /c m 2 . ^ 0  ̂

T h is  v a lu e  i s  q u i t e  h ig h  w hen  c o m p a re d  t o  t h a t  o f  z i n c .  

H y d ro g e n  e v o l u t i o n  on  g e rm a n iu m  s i t e s  s h o u ld  t h e r e f o r e  be 

e a s i e r  th a n  o n  t h e  z in c  s i t e s  a n d  l o c a l  c e l l  a c t i o n  may be  

q u i t e  s i g n i f i c a n t .  F u tu r e  s t u d ie s  a r e  n e e d e d  t o  d e te r m in e  

w h ic h  m e c h a n is m  i s  t h e  m a jo r  c o n t r i b u t o r  t o  t h e  b e h a v io r  o f  

g e rm a n iu m  a d d i t i o n s  d u r i n g  z i n c  p l a t i n g .

T h e  p re s e n c e  o f  m a n g a n e s e  d io x id e  a n d  s i l i c a  re d u c e  

t h e  a m o u n t o f  g e rm a n iu m  i n  s o l u t i o n  b y  a d s o r p t i o n ^ 1 0 , 1 ^  

a n d  c u r r e n t  e f f i c i e n c i e s  a r e  o f t e n  im p ro v e d  b y  m a k in g  th e s e  

a d d i t i o n s .  O r g a n ic  r e a g e n ts  an d  o x i d i z i n g  a g e n ts  re d u c e  

t h e  i n f l u e n c e  o f  g e rm a n iu m  a t  t h e  c a th o d e  a n d  c a u s e  some 

in c r e a s e  i n  c u r r e n t  e f f i c i e n c y  t o  be o b t a i n e d . T h e  

e f f e c t s  o f  th e s e  a d d i t i v e s  a r e  le s s  th a n  f o r  n i c k e l  o r  

c o b a l t . S u g a r ,  p y r i d i n e  a n d  t r i e t h a n o la m in e  a r e  a ls o
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u s e f u l  a d d i t i o n  a g e n t s .

g .  I r o n . T h e  p re s e n c e  o f  i r o n  i n  s m a l l  q u a n t i t i e s  h a s  b e e n

sh o w n  t o  lo w e r  t h e  c u r r e n t  e f f i c i e n c y  f o r  z i n c ,  b u t  n o t  t o

(3 5 1
t h e  e x t e n t  e x e r t e d  b y  c o b a l t  a n d  n i c k e l . '  '  A t  e q u a l c o n ­

c e n t r a t i o n  l e v e l s  i n  t h e  e l e c t r o l y t e ,  le s s  i r o n  c o d e p o s i t s  

w i t h  z i n c  th a n  d o  c o p p e r ,  n i c k e l ,  a n t im o n y ,  o r  c o b a l t .

Z in c  io n s  h a v e  b e e n  fo u n d  t o  h in d e r  t h e  d e p o s i t i o n  o f  i r o n ,

c o b a l t ,  a n d  n i c k e l . ( 88_ 89 )  T h is  m ay be  c a u s e d  b y  a l l o y  f o r -  

(5 3 1
m a t io n '  '  o r  b y  t h e  s p e c i f i c  a d s o r p t i o n  o f  z i n c  io n s  a t  t h e  

e l e c t r o d e .  T h e  e f f e c t  in c r e a s e s  w i t h  in c r e a s in g  z in c  io n  

c o n c e n t r a t i o n .

Some s t u d i e s  h a v e  i n d i c a t e d  t h a t  i r o n  l e v e l s  a s  h ig h  as 

100  m g /£  h a v e  l i t t l e  e f f e c t  o n  t h e  z in c  p r o c e s s , b u t  o t h e r  

s t u d ie s  s h o w  t h a t  t h e  p r o c e s s  i s  a f f e c t e d  a t  m uch lo w e r  c o n ­

c e n t r a t i o n s  ( 1 0 - 3 0  m g / £ ) . ^ ’ ^ ^  G e n e r a l l y ,  c o n c e n t r a t i o n  

l e v e l s  b e lo w  10 m g /£  a r e  m a in t a in e d  i n  i n d u s t r y . ( 1 5 9 , 1 9 - 2 0 )

T h e  s e n s i t i v i t y  o f  t h e  z i n c  d e p o s i t i o n  p r o c e s s  t o  

i n t e r a c t i o n s  w i t h  i r o n  i m p u r i t i e s  i s  g r e a t e r  a t  in c r e a s e d  

l e v e l s  o f  t e m p e r a tu r e  a n d  a c id  c o n c e n t r a t i o n . ^ > 6 2 ,1 2 1 )  

I n c r e a s in g  t h e  c o n c e n t r a t i o n  o f  i r o n  in c r e a s e s  t h e  a m o u n t o f  

h y d ro g e n  e v o l u t i o n ^ 2 2 ) a n d  c a u s e s  t h e  c a th o d e  p o t e n t i a l  t o  

becom e m o re  e l e c t r o p o s i t i v e . ^ 2 ^  In c r e a s e s  i n  c u r r e n t  

d e n s i t y  h a v e  b e e n  r e p o r t e d  t o  in c r e a s e  t h e  z in c  c u r r e n t  

e f f i c i e n c y .  ^ 2  ̂ ^

T h e  e f f e c t s  o f  i r o n  h a v e  b e e n  a t t r i b u t e d  t o  l o c a l  c e l l  

a c t i o n  a n d  t o  f e r r o u s / f e r r i c  o x i d a t i o n  a n d  r e d u c t i o n . ( 3 5 ,1 2 2 )  

T h e  e x c h a n g e  c u r r e n t  f o r  h y d ro g e n  e v o l u t i o n  o n  i r o n  i s
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r e p o r t e d  t o  b e  1 . 2  x  1 0 " 6 A /c m 2 . ^ 0  ̂ T h is  s u g g e s ts  t h a t  h y ­

d r o g e n  r e d u c t i o n  s h o u ld  be e n h a n c e d  o n  t h e  i r o n  s i t e s  i n  t h e  

z i n c  d e p o s i t ,  s in c e  t h e  v a lu e  o f  t h e  e x c h a n g e  c u r r e n t  f o r  

z i n c  i s  lo w e r .  I t  h a s  b e e n  fo u n d  t h a t  th e  c u r r e n t  e f f i c i e n c y  

d r o p s  w i t h  t i m e . ^ 2 2  ̂ T h is  i s  d u e  t o  t h e  f o r m a t io n  o f  t h e  

l o c a l  a c t i o n  c e l l s  a n d  t o  t h e  b u i l d u p  o f  f e r r i c  io n s  fo r m e d  

a t  t h e  a n o d e .

T h e  e f f e c t s  o f  i r o n  a r e  w e a k e n e d  b y  a d d i t i o n s  o f  o r g a n ­

i c  co m p o u n d s  a n d  o x i d i z i n g  a g e n t s . ( 4 9 , 5 6 , 1 0 7 )  y ^ g  a d d i t i v e s  

a p p e a r  t o  b e  m o re  e f f e c t i v e  i n  r e d u c in g  t h e  e f f e c t s  o f  i r o n  

t h a n  f o r  c o b a l t .

h .  M a n g a n e s e . M a n g a n e s e  h a s  b e e n  sh o w n  t o  i n t e r a c t  w i t h  t h e

z i n c  e l e c t r o l y s i s  s y s te m  i n  m any w a ys  a n d  t h e  i n t e r a c t i o n s

e x h i b i t e d  d e p e n d  o n  t h e  c h e m ic a l  s p e c ie s  o f  m a n g a n e s e  i n  t h e

e l e c t r o l y t e .  M a n g a n e s e  ( I I )  h a s  b e e n  r e p o r t e d  t o  h a v e  l i t t l e

i n f l u e n c e  o n  t h e  c u r r e n t  e f f i c i e n c y  o b t a in e d  f o r  z i n c  d e p o s i -

t i o n , '  * '  a n d  i s  r e p o r t e d  t o  a i d  i n  r e d u c in g  a n o d e

( 1 3 5 )
c o r r o s i o n . '  '

M a n g a n e s e  d i o x i d e  a t  l e v e l s  b e lo w  10 g/ l  h a s  l i t t l e  

e f f e c t  o n  t h e  c u r r e n t  e f f i c i e n c y . O 28 »129 » l 30 » l 3 4 >1 3 6 ) i n 

m any c a s e s ,  in c r e a s e s  i n  c u r r e n t  e f f i c i e n c y  h a v e  b e e n  o b s e rv e d  

f o r  s o l u t i o n s  c o n t a i n i n g  s u s p e n d e d  m a n g a n e s e  d i o x i d e  p a r t i ­

c l e s .  M a n g a n e s e  d i o x i d e  h a s  b e e n  fo u n d  t o  r e d u c e  t h e  d i s s o l u ­

t i o n  o f  z i n c  a n d  t o  im p ro v e  t h e  q u a l i t y  o f  t h e  c a t h o d ic  d e p o -  

(1 2 9 1
s i t . '  '  T h e  d e g r e e  o f  le a d  c o n t a m in a t io n  i n  z in c  c a th o d e s

■ie l o c c  • f n v  c n l . .  +  i n «  . . . i , . ’ . : . .  ( 1 0 8 , 1 1 3 , 1 2 3 , 1 2 7 , 1 3 1 , 1 3 6 )
i s  l e s s  f o r  s o l u t i o n s  c o n t a in in g  M n 02 . 7

T h e  im p ro v e m e n ts  i n  c u r r e n t  e f f i c i e n c y  c a u s e d  b y  M n 02 i n  t h e
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e l e c t r o l y t e  a r e  b e l ie v e d  t o  b e  du e  t o  t h e  o x i d i z i n g  p o w e r  a n d  

a d s o r p t i v e  c a p a c i t y  o f  t h e  Mn02 p a r t i c l e s >( 40»56 >139 »18 8 »18 9 ) 

w h ic h  lo w e r  t h e  a m o u n t o f  o t h e r  a c t i v e  i m p u r i t i e s  i n  t h e  

e l e c t r o l y t e .  Some i n v e s t i g a t o r s  a ls o  b e l i e v e  t h a t  M n02 fo rm s  

a lo w  c o n d u c t i v i t y  f i l m  a t  t h e  c a th o d e  w h ic h  a c t s  as  a b a r ­

r i e r  t o  h y d ro g e n  io n s  and  t h e  d i s s o l u t i o n  o f  z i n c . ^ 1 ^

Some i n v e s t i g a t o r s  b e l i e v e  t h a t  t h e  h ig h  s u r f a c e  a c t i v i t y  o f  

t h e  Mn0 2 p a r t i c l e s  re d u c e s  t h e  e f f e c t s  o f  s u s p e n d e d  le a d  

d i o x i d e  a n d  s u l f a t e  th r o u g h  a d s o r p t io n  o f  t h e  le a d  s p e c ie s  

o n to  t h e  s u s p e n d e d  M n02 p a r t i c l e s . ( 1 1 3 ,1 2 3 ,1 2 7 )  y he Mng 2

e v e n t u a l l y  s e t t l e s  t o  t h e  b o t to m  o f  t h e  c e l l s  and  c o l l e c t s  as

s l im e .  T h e  s l im e  ( o r  m ud) g a th e r s  a t  t h e  b o t to m  o f  t h e  c e l l

a n d  i s  f l u s h e d  o u t  p e r i o d i c a l l y . ^ 1 6  ̂ I n c r e a s e s  i n  t h e  c e l l

t e m p e r a tu r e  a n d  a c id  c o n t e n t  c a u s e  d e s o r p t io n  o f  t h e  c o l l e c t e d

i m p u r i t i e s  i n  t h e  mud a n d  c u r r e n t  e f f i c i e n c y  p ro b le m s  h a v e

a r i s e n  w hen f l u c t u a t i o n s  i n  a c i d i t y  o r  t e m p e r a tu r e  o c c u r . ^ 1 6 ^

P e rm a n g a n a te  io n  has b e e n  r e p o r t e d  t o  be p ro d u c e d  a t

t h e  a n o d e  d u r in g  z in c  e l e c t r o l y s i s . T h e  c o r r o s io n  r a t e

o f  z i n c  in c r e a s e s  w i t h  in c r e a s in g  p e rm a n g a n a te  c o n c e n t r a t i o n .

T h e  p e rm a n g a n a te  io n  i s  t h o u g h t  t o  be re d u c e d  s t e p w is e  t o

m a n g a n e s e  ( I I ) . ( ^ 2 4 , 1 3 9 , 1 8 8 )  y ^ e c a -th0d e p o t e n t i a l  i s

o b s e rv e d  t o  becom e m o re  e l e c t r o p o s i t i v e  w i t h  i n c r e a s in g  M nO iT 

( 1 2 4  1 2 8 1
c o n c e n t r a t i o n s . '  * '  The a m o u n t o f  p e rm a n g a n a te  fo rm e d

i n  t h e  e l e c t r o l y t e  i s  le s s e n e d  b y  i n t e r a c t i o n  w i t h  m a nga nese  

( I I )  a n d  m a n g a n e s e  d i o x i d e ,  a n d  by t h e  i n t e r a c t i o n  w i t h  o t h e r  

i m p u r i t i e s . ( 1 0 8 ,1 3 4 )  y ^  -|a £ t e r  h a s  b e e n  fo u n d  t o  r e d u c e  t h e  

e f f e c t s  o f  t h e  i m p u r i t i e s  a t  t h e  c a t h o d e . ^ 6 6 , 1 3 9 , 1 8 8 , 1 8 9 ^
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Some i n v e s t i g a t o r s  h a v e  r e p o r t e d  t h a t  p e rm a n g a n a te  c a n  r e a c t  

w i t h  Mn2+ t o  f o r m  M n3+ w h ic h  a ls o  lo w e r s  t h e  c u r r e n t  e f f i ­

c i e n c y ^ 1 3 0  ̂ b u t  n o t  t o  t h e  e x t e n t  o f  MnOZ.

T h e  l e v e l s  o f  m a n g a n e s e  t h a t  c a n  be  t o l e r a t e d  i n  s o l u ­

t i o n  d e p e n d  l a r g e l y  o n  i t s  o x i d a t i o n  s t a t e .  I n i t i a l  c o n c e n ­

t r a t i o n s  u p  t o  4  g / £  o f  M n2+ d o  n o t  s e r i o u s l y  a f f e c t  t h e  

c u r r e n t  e f f i c i e n c y . ^ 1 0 8 ) I n c r e a s in g  te m p e r a tu r e s  a r e  fo u n d

t o  h a v e  l i t t l e  e f f e c t  f o r  s o l u t i o n s  c o n t a i n i n g  m a n g a n e s e

(1 3 4 1
s p e c ie s  o t h e r  t h a n  p e rm a n g a n a te .  '

i .  N i c k e l . T h e  b e h a v io r  o f  n i c k e l  i s  s i m i l a r  t o  t h a t  o f  

c o b a l t  a n d  i r o n .  T h e  c u r r e n t  e f f i c i e n c y  d e c re a s e s  m a r k e d ly  

a s  t h e  c o n c e n t r a t i o n  o f  n i c k e l  i s  in c r e a s e d  f r o m  0 t o  

5 m g /£ .  ^ 6 1 , 6 7 , 1 4 0 , 1 6 3 ) L e v e ls  b e lo w  1 m g /£  a r e  u s u a l l y  

s o u g h t  i n  c o m m e r c ia l p r a c t i c e .

T h e  e f f e c t s  o f  n i c k e l  c a n  be  s e e n  a t  lo w e r  c o n c e n t r a ­

t i o n  l e v e l s  t h a n  c o b a l t  o r  i r o n .  On a n  e q u a l c o n c e n t r a t i o n  

b a s i s ,  m o re  n i c k e l  t h a n  c o b a l t  i s  d e p o s i t e d  w i t h  t h e

z i n c . ^ 1 4 0 ,1 6 3 ) T h e  d e p o s i t i o n  o f  n i c k e l  l i k e  t h e  o t h e r

( 88 l
i r o n - b a s e d  m e ta ls  i s  h in d e r e d  b y  z in c  i o n s . v '  W h e th e r  

t h i s  o c c u r s  b y  a l l o y  f o r m a t io n  o r  b y  s p e c i f i c  z i n c  io n  

a d s o r p t i o n  r e m a in s  o p e n  t o  q u e s t i o n . ( 5 3 » 8 8 ,8 9 )

T e m p e r a tu r e  a n d  a c i d  c o n c e n t r a t i o n  in c r e a s e s  h a v e  b e e n  

s h o w n  t o  in c r e a s e  t h e  a c t i o n  o f  n i c k e l  

i m p u r i t i e s . ^ 3 2 , 3 5 , 4 8 , 6 1 , 6 2 , 9 5 , 1 4 0 , 1 6 3 ) I n v e s t i g a t o r s  h a v e  

a l s o  fo u n d  t h a t  a n  i n d u c t i o n  p e r io d  o c c u r s  w h e re  t h e  i n i t i a l  

c u r r e n t  e f f i c i e n c y  i s  c lo s e  t o  t h a t  f o r  t h e  s o l u t i o n  c o n ­

t a i n i n g  no  n i c k e l ,  b u t  t h e n  d e c a y s  w i t h  t i m e . ^ 9 4 , 9 5 , 1 4 0 , 1 6 3 )
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T h e  i n d u c t i o n  t im e  d e p e n d s  o n  t h e  n i c k e l  c o n c e n t r a t i o n ,  a c id

c o n c e n t r a t i o n  a n d  t e m p e r a t u r e .  T h e  e f f e c t s  o f  n i c k e l  a r e

(51 93 95 gg\
m o re  p ro n o u n c e d  a t  lo w e r  c u r r e n t  d e n s i t i e s . '  » » » /

T h e  c a th o d e  p o t e n t i a l  be com es m o re  e l e c t r o p o s i t i v e  as  

t h e  c o n c e n t r a t i o n  o f  n i c k e l  i n  t h e  e l e c t r o l y t e  

i n c r e a s e s . ( 3 2 . 1 4 0 , 1 6 3 )

T h e  e f f e c t s  o f  n i c k e l  i n  z i n c  e l e c t r o d e p o s i t i o n  h a v e  

b e e n  a t t r i b u t e d  t o  t h e  f o r m a t io n  o f  l o c a l  a c t i o n  

c e l l s .  ( 3 2 , 8 7 , 1 4 0 - 1 4 2 )  h a s  a -|ow h y d ro g e n  o v e r ­

v o l t a g e ^ 4 0 ,  ^  a n d  t h e  e x c h a n g e  c u r r e n t  v a lu e  r e p o r t e d  f o r  

h y d ro g e n  e v o l u t i o n  o n  n i c k e l  i s  4 x  1 0 " 6 A /c m 2 . ^ 0  ̂ T h is  i s  

s i g n i f i c a n t l y  h ig h e r  th a n  t h a t  r e p o r t e d  f o r  z i n c  a n d  i n d i ­

c a t e s  t h a t  h y d ro g e n  r e d u c t i o n  o n  t h e  n i c k e l  s i t e s  s h o u ld  be  

e a s i e r  t h a n  o n  t h e  z in c  s i t e s .  I n v e s t i g a t o r s ,  u s in g  s c a n n in g  

e l e c t r o n  m ic r o s c o p y ,  r e p o r t  t h a t  n i c k e l  a g g lo m e r a te s  n e a r  t h e  

z i n c  c o r r o s i o n  s i t e s .  ^ ° ^ 4 ^  F u r t h e r m o r e ,  a p r e f e r r e d  ( 0 0 . 2 )  

o r i e n t a t i o n  i s  d e v e lo p e d  b y  t h e  z in c  l a y e r  f o r  s o l u t i o n s  c o n ­

t a i n i n g  5 m g /£  n i c k e l .

A r e c e n t  i n v e s t i g a t i o n ,  u s in g  c y c l i c  v o l t a m m e t r y ,  fo u n d  

t h a t  t h e  a m o u n t o f  h y d ro g e n  e v o lv e d  a n d  t h e  r a t e  o f  z in c  

c o r r o s i o n  g r e a t l y  in c r e a s e d  i n  t h e  p re s e n c e  o f  n i c k e l .  N ic k e l  

l e v e l s  a s  lo w  a s  0 . 5  m g /£  a r e  r e p o r t e d  t o  a f f e c t  t h e  z in c  

d e p o s i t i o n  p r o c e s s  f o r  a s o l u t i o n  c o n t a in in g  6 0  g / £  z in c  an d  

2 0 0  g / £  H aS O i,. L o w e r in g  t h e  z in c  c o n c e n t r a t i o n  e n h a n c e d  th e  

e f f e c t  o f  n i c k e l .  ^ 4 ^  T h e s e  i n v e s t i g a t i o n s  le n d  s u p p o r t  t o  

t h e  l o c a l  a c t i o n  m e c h a n is m  a s  b e in g  r e s p o n s ib le  f o r  t h e  

e f f e c t  o f  n i c k e l  o n  t h e  z in c  d e p o s i t i o n  p r o c e s s .
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j .  A c t i o n  o f  A d d i t i v e s . T h e  u s e  o f  v a r io u s  a d d i t i o n  a g e n ts  

t o  c o u n t e r a c t  t h e  e f f e c t s  c a u s e d  b y  i m p u r i t i e s  h a s  a l r e a d y  

b e e n  m e n t io n e d .  T h e  m e c h a n is m s  o f  a d d i t i v e - i m p u r i t y  i n t e r ­

a c t i o n  a r e  n o t  w e l l  u n d e r s to o d .  Some o r g a n ic  a g e n ts  a c t  t o  

im p r o v e  t h e  c u r r e n t  e f f i c i e n c y ,  w h e re a s  o t h e r s  a c t  t o  p r o ­

m o te  c o r r o s i o n . T h e  p r o p e r  c h o ic e  o f  an  a d d i t i o n  a g e n t  

a n d  i t s  c o n c e n t r a t i o n  a r e  v e r y  im p o r t a n t  f a c t o r s  i n  t h e  

m a in te n a n c e  o f  h ig h  c u r r e n t  e f f i c i e n c i e s .  G lu e ,  g e l a t i n  a n d  

o r g a n i c  a m in e s  h a v e  b e e n  fo u n d  t o  b e  u s e f u l  a d d i t i o n  

a g e n t s . T h e  e f f e c t i v e n e s s  o f  t h e  o r g a n ic  a g e n t  u s e d  

o f t e n  d e p e n d s  o n  t h e  le n g t h  o f  t h e  o r g a n ic  r a d i c a l . ( 7 5 , 1 4 7 )  

New t e c h n iq u e s  w h ic h  a l l o w  e v a lu a t i o n  o f  t h e  e f f e c t i v e n e s s  

o f  v a r io u s  a d d i t i v e s  h a v e  b e e n  d e m o n s t r a t e d . T h e  u s e  o f  

p o l a r i z a t i o n  s t u d i e s  ( i . e . ,  c y c l i c  v o l t a m m e t r y ) ,  s c a n n in g  

e l e c t r o n  m ic r o s c o p y ,  a n d  x - r a y  d i f f r a c t i o n  p e r m i t  c h a r a c t e r ­

i z a t i o n  o f  som e o f  t h e  e f f e c t s  e x h i b i t e d  b y  t h e  p r e s e n c e  o f

i m p u r i t i e s  a n d  a d d i t i o n  a g e n ts  i n  te r m s  o f  c a th o d e  p o l a r i z a -

( 7 2 - 7 5  14 2  1721
t i o n  a n d  d e p o s i t  m o r p h o lo g y . '  * ’  ' Some i n v e s t i g a ­

t i o n s  h a v e  s h o w n  t h a t  th e s e  t e c h n iq u e s  may a l l o w  t h e  c o n t r o l  

o f  a d d i t i o n  a g e n t  u s a g e  b y  i n d i c a t i n g  w h a t  t h e  o p t im u m  l e v e l  

o f  a d d i t i o n  s h o u ld  b e . ^ 2 - ^ ’ ^ 2 ^

T h e  u s e  o f  p o l a r i z a t i o n  a n a ly s is  u s in g  p o te n t io d y n a m ic  

s c a n  c u r v e s  f o r  d e t e r m in in g  th e  am ount o f  a c t i v e  g lu e  i n  

s o l u t i o n  has a ls o  b e e n  t r i e d  f o r  c o p p e r  and  le a d  

p r o d u c t io n .  0 5 7 - 1 5 8 )  p r 0 pe r  ] e v e i  0 f  o r g a n ic  a d d i t i o n  

i s  v e r y  im p o r t a n t ,  b e c a u s e  e x c e s s  g lu e  o r  o t h e r  o r g a n ic s  may 

le a d  t o  c u r r e n t  e f f i c i e n c y  r e d u c t i o n ,  d e p o s i t  b r i t t l e n e s s ,
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d i f f i c u l t i e s  i n  m e l t i n g ,  in c r e a s e d  p o w e r  c o n s u m p t io n ,  

e t c . ( 7 3 , 1 5 1 - 1 5 2 )

T h e  a d d i t i o n  o f  g lu e  t o  a r e l a t i v e l y  i m p u r i t y - f r e e  

e l e c t r o l y t e  g e n e r a l l y  d e c r e a s e s  t h e  z in c  c u r r e n t  e f f i ­

c i e n c y .  ^ 5 1 - 1 5 2 )  i n v e s t i g a t o r s  a t t r i b u t e  t h i s  t o  t h e  i n h i ­

b i t i o n  o f  b o th  z in c  a n d  h y d ro g e n  d is c h a r g e  w i t h  t h e  f o r m e r  

b e in g  i n h i b i t e d  t o  a h ig h e r  d e g r e e .  T h e  o v e r v o l t a g e  o f  

z i n c  d e p o s i t i o n  f r o m  e l e c t r o l y t e s  c o n t a i n i n g  a d d i t i v e s  i s  

fo u n d  t o  be  h ig h e r  t h a n  th o s e  f r e e  o f  

a d d i t i v e s . ^ ’ ^ ’ ^ ’ ^ ^  T h e  b e n e f i t  o f  a d d i t i o n  a g e n ts  

l i e s  i n  t h e i r  a b i l i t y  t o  r e d u c e  t h e  e f f e c t s  o f  o t h e r  

i m p u r i t i e s .  T h e  c u r r e n t  e f f i c i e n c y  e v e n  a t  o p t im u m  l e v e l s  

o f  a d d i t i o n  a g e n t  i s  s t i l l  f o u n d  t o  be b e lo w  t h a t  o b t a in e d

( 7 3 - 7 4  1721
f o r  a p u r e  a d d i t i o n - f r e e  e l e c t r o l y t e . '  ’  '

A l t h o u g h  t h e  i n t e r a c t i o n s  b e tw e e n  a d d i t i o n  a g e n ts  a n d  

i m p u r i t i e s  a r e  n o t  w e l l  u n d e r s to o d ,  som e e x p la n a t io n s  h a v e  

b e e n  o f f e r e d  t o  a c c o u n t  f o r  t h e  r e s u l t s .  I t  h a s  b e e n  

r e p o r t e d  t h a t  o r g a n i c  c o l l o i d s  a r e  d e p o s i t e d  w i t h  t h e  

z i n c , ^ 5 * ^ 5^  a n d  t h a t  t h e  c a th o d e  p o t e n t i a l  in c r e a s e s  

w i t h  t h e  c o n c e n t r a t i o n  a n d  m o le c u la r  w e ig h t  o f  t h e  s u r f a c e  

a c t i v e  a d d i t i v e s . I n v e s t i g a t i o n s  h a v e  a ls o  sh o w n  

t h a t  t h e  g r a i n  s i z e  o f  t h e  d e p o s i t  i s  r e d u c e d  a n d  m o re  

u n i f o r m  d e p o s i t s  a r e  o b t a in e d  f r o m  s o l u t i o n s  c o n t a i n i n g  

o r g a n i c s . I n v e s t i g a t o r s  b e l i e v e  t h a t  t h e  a d s o r p t io n  

o f  t h e  a d d i t i o n  a g e n ts  a t  t h e  c a th o d e  c a u s e s  m o re  n u c le a ­

t i o n  a n d  h in d e r s  c r y s t a l l i n e  g r o w th  r e s u l t i n g  i n  a f i n e r  

g r a in e d  a n d  m o re  u n i f o r m  d e p o s i t .  A m o re  u n i f o r m  d e p o s i t
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h in d e r s  t h e  f o r m a t io n  o f  l o c a l  c e l l s ,  a n d  t h e  e f f e c t  o f  t h e  

i m p u r i t i e s  a r e  t h e r e f o r e  r e d u c e d .  A n o th e r  f a c t o r  w h ic h  h a s  

b e e n  m e n t io n e d  i s  t h a t  an  o r g a n ic  a d d i t i v e  lo w e r s  t h e  s u r ­

f a c e  t e n s io n  a t  t h e  c a th o d e  s u r f a c e  a n d  p ro m o te s  t h e  

re m o v a l o f  a d s o rb e d  g a s  b u b b le s  w h ic h  h in d e r  z in c  

d e p o s i t i o n .  R em ova l o f  t h e  g a s  b u b b le s  a l s o  p ro m o te s  a

m o re  u n i f o r m  d e p o s i t .  A n o th e r  p o s s i b i l i t y  f o r  t h e  i n t e r ­

a c t i o n  o f  o r g a n ic s  w i t h  i m p u r i t i e s  m ay be  d u e  t o  c o m p le x  

f o r m a t i o n , b u t  m o re  r e s e a r c h  i s  n e c e s s a r y  t o  c o n f i r m  i f  

t h i s  d o e s  o c c u r .  F o r  a h y d r id e  fo r m e r  s u c h  as  a n t im o n y ,  t h e  

o r g a n ic  a d d i t i v e  may h in d e r  f o r m a t io n  o f  t h e  h y d r id e  by  

a d s o r b in g  o n t o  t h e  d e p o s i t e d  m e ta l a n d  th u s  b lo c k in g  h y d ro g e n  

io n  a c c e s s  t o  t h e  m e t a l .  T h is  a s su m e s  t h a t  t h e  h y d r id e  f o r ­

m a t io n  ta k e s  p la c e  o n  t h e  c a th o d e  s u r f a c e  a n d  n o t  i n  t h e  

d o u b le  l a y e r .  I t  h a s  b e e n  fo u n d  t h a t  t h e  a m o u n t o f  a n t im o n y  

i n  t h e  d e p o s i t  in c r e a s e s  u p o n  a d d i t i o n  o f  g lu e  t o  t h e  

s o l u t i o n . ( 3 9 - 4 0 )  M o re  t e s t s  a r e  neecj ec| t o  c o n f i r m  th e  a c t u a l  

m e c h a n is m  o f  i n t e r a c t i o n .

T h e  e f f e c t s  o f  t h e  a d d i t i o n  a g e n ts  a r e  c o m p le x  i n  

n a t u r e .  T h e  u s e  o f  new t e c h n iq u e s  h o p e f u l l y  w i l l  a l l o w  a 

b e t t e r  u n d e r s ta n d in g  o f  t h e i r  i n t e r a c t i o n  a t  t h e  e le c t r o d e  

a n d  a d e t e r m in a t i o n  o f  t h e  o p t im u m  l e v e l  f o r  a g iv e n  a m o u n t 

o f  i m p u r i t y .  B a s ic  r e s e a r c h  w h ic h  c h a r a c t e r i z e s  t h e  e f f e c t s  

o n  t h e  b a s is  o f  d e p o s i t  o r i e n t a t i o n ,  m o r p h o lo g y ,  a n d  p o l a r i ­

z a t i o n  a p p e a rs  t o  b e  a s t e p  i n  t h e  r i g h t  d i r e c t i o n .  O th e r  

m e th o d s  w h ic h  a l l o w  c o n t r o l  o f  e l e c t r o l y t e  q u a l i t y  h a v e  b e e n  

p r o p o s e d . ( 6 4 ,1 9 0 )  y h e s e  m e th o d s  c o m p a re  t h e  a n o d ic  t o
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c a t h o d ic  d e p o s i t i o n  t im e s  a n d  g i v e  an in d e x  o f  e l e c t r o l y t e  

q u a l i t y .  M o re  r e s e a r c h  i s  n e c e s s a r y  i n  t h i s  a r e a  a l s o ,  

k .  L e a d  a n d  A n o d e  F a c t o r s . T h e  m a in  s o u r c e  o f  le a d  c o n ta m ­

i n a t i o n  i n  t h e  z i n c  c a th o d e  i s  t h e  d e t e r i o r a t i o n  o f  t h e  le a d  

a l l o y  a n o d e s .  T h e  a m o u n t o f  le a d  in c o r p o r a t e d  i n  t h e  c a th o d e  

has b e e n  fo u n d  t o  be  p r o p o r t i o n a l  t o  t h e  a m o u n t o f  s u s p e n d e d  

P b 02 a n d  d i s s o l v e d  le a d  i n  t h e  s o l u t i o n .  T h e  a m o u n t o f  d i s ­

s o lv e d  le a d  (P b ++  a n d  le a d  s u l f a t e )  i s  u s u a l l y  l o w ,  b u t  n o t  

n e g l i g i b l e  ( 3 - 6  m g / £ ) . ^ ^

I n c r e a s e s  i n  a c id  c o n c e n t r a t i o n  a n d  t e m p e r a tu r e  

in c r e a s e  t h e  a m o u n t o f  le a d  i n  s u s p e n s io n  a n d  i n  s o l u ­

t i o n .  ( 1 7 9 ,1 8 1 )  f o n n  - je a tj c o n t a m in a t io n  v a r i e s  w i t h  

t h e  c u r r e n t  d e n s i t y .  A t  lo w  c u r r e n t  d e n s i t y ,  d e p o s i t i o n  o f  

Pb+ +  h a s  b e e n  r e p o r t e d  t o  be  t h e  p r im a r y  s o u r c e ,  w h e r e a s ,  a t  

h ig h  c u r r e n t  d e n s i t y  (w h e re  t h e r e  i s  in c r e a s e d  b u b b l in g  a n d  

m ix in g  o f  t h e  e l e c t r o l y t e ) ,  P b 0 2 i s  t h e  m a jo r  s o u r c e  o f  

c o n t a m in a t io n .

L e a d  h a s  b e e n  r e p o r t e d  t o  a f f e c t  t h e  s t r u c t u r e  a n d  

m o rp h o lo g y  o f  t h e  d e p o s i t e d  z i n c . ^ ^  L e a d  d i o x i d e  fo rm e d  

a t  t h e  a n o d e  an d  d e p o s i t e d  a s  s p o n g e  a t  t h e  c a th o d e  lo w e r s  

t h e  c u r r e n t  e f f i c i e n c y  b y  r o u g h e n in g  t h e  s u r f a c e .

D e p o s i t io n  o f  m e t a l l i c  le a d  h a s  b e e n  r e p o r t e d  t o  h a v e  l i t t l e  

e f f e c t  o n  t h e  c u r r e n t  e f f i c i e n c y  o t h e r  t h a n  c o n s u m in g  a 

s m a l l  a m o u n t o f  t h e  c u r r e n t  i n  i t s  d e p o s i t i o n .  T h e  e x c h a n g e  

c u r r e n t  v a lu e  f o r  h y d ro g e n  e v o l u t i o n  o n  le a d  i s  2 x  10 " 13 

A /c m 2 . ^ 0  ̂ T h is  i s  m uch lo w e r  t h a n  z in c  a n d  l o c a l  c e l l  

a c t i o n  o n  le a d  s i t e s  s h o u ld  n o t  o c c u r .
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T h e  a m o u n t o f  le a d  c o n t a m in a t io n  i s  a t t r i b u t e d  t o  t h e  

a m o u n t o f  a n o d e  d e t e r i o r a t i o n .  T h e  a m o u n t o f  le a d  c o n ta m i ­

n a t i o n  i n  t h e  c a th o d e  h a s  b e e n  re d u c e d  th r o u g h  t h e  u s e  o f  

a d d i t i o n  a g e n ts  w h ic h  lo w e r  t h e  a m o u n t o f  le a d  i n  s o l u t i o n  

a n d  b y  u s e  o f  m o re  s t a b l e  a n o d e s .

I n v e s t i g a t o r s  h a v e  fo u n d  t h a t  le a d  c o n t a m in a t io n  i s

re d u c e d  b y  t h e  a d d i t i o n  o f  C r+ + + , V+ + + ,  Mo+ + + , o r  Co+ + . ^ ^

S t r e n g t h e n in g  o f  t h e  P b 02 f i l m  on  t h e  a n o d e  i s  t h o u g h t  t o

lo w e r  t h e  a m o u n t o f  s u s p e n d e d  P b 0 2 . A d d i t i o n  o f  a l k a l i n e

e a r t h  an d  r a r e  e a r t h  ( L a ,  Ce a n d  N d ) s u l f a t e s  t o  t h e  e l e c -

( 1 7 7  1 8 3  1 8 4 1
t r o l y t e  a p p e a r  t o  d e c re a s e  le a d  c o n t a m in a t io n .  * 5 '

I n v e s t i g a t o r s  r e p o r t  t h a t  t h e  a c t i o n  o f  s t r o n t i u m  co m p o u n d s  

re m o v e s  le a d  io n s  f r o m  t h e  s o l u t i o n  b y  i n c o r p o r a t i o n  o f  t h e  

le a d  io n s  i n t o  g r o w in g  s t r o n t i u m  s u l f a t e  c r y s t a l s .

T h e s e  i n v e s t i g a t o r s  fo u n d  t h a t  t h e  p re s e n c e  o f  c h l o r i d e  io n s  

h a s  a m a rk e d  e f f e c t  o n  t h e  r a t e  o f  le a d  re m o v a l b y  s t r o n t i u m  

c a r b o n a t e .  When s l u r r i e s  c o n t a in in g  s t r o n t i u m  (1 kg S rC 0 3/  

t o n  c a th o d e  Z n )  a r e  a d d e d  t o  t h e  a c id  z in c  e l e c t r o l y t e ,  t h e  

le a d  c o n t a m in a t io n  a t  t h e  c a th o d e  w as lo w e r e d  f r o m  0 .0 0 3 7 %  

t o  0 .0 0 1 5 % .

As an a l t e r n a t i v e  t o  m o d i f i c a t i o n s  o f  t h e  e l e c t r o l y t e ,  

s t a b i l i z a t i o n  o f  t h e  a n o d e  ha s  b e e n  a t t e m p te d  t h r o u g h  a l l o y ­

i n g .  L e a d - s i l v e r  a l l o y s  e x h i b i t  a m uch b e t t e r  c o r r o s io n  r e ­

s i s t a n c e  th a n  le a d  a l o n e . ( ^ , 1 8 4 )  T h e  p r e s e n c e  0 f  s i l v e r  

im p ro v e s  t h e  c h e m ic a l  r e s i s t a n c e  o f  t h e  a n o d e ,  lo w e r s  t h e  

a n o d e  v o l t a g e ,  a n d  re d u c e s  t h e  a m o u n t o f  le a d  i n  t h e  z i n c .  I t  

h a s  a ls o  b e e n  fo u n d  t h a t  a d d i t i o n  o f  a t h i r d  c o m p o n e n t t o  t h e
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a l l o y ,  s u c h  a s  S n , T 1 , o r  Ca a ls o  e n h a n c e s  c o r r o s io n  r e s i s t ­

a n c e .  x h e m e c h a n ic a l s t r e n g t h  o f  t h e  a n o d e  i s  a l s o

im p ro v e d  b y  t h e  a d d i t i o n  o f  s i l v e r  an d  c a lc iu m .  N o t  a l l  

a l l o y i n g  a d d i t i o n s  h a v e  b e e n  fo u n d  t o  be b e n e f i c i a l .  The  

a d d i t i o n  o f  a r s e n i c  o r  a n t im o n y  t o  t h e  le a d  h a s  b e e n  fo u n d  

t o  in c r e a s e  c o r r o s i o n  o f  t h e  le a d  a n o d e .

A n o th e r  m e th o d  e m p lo y e d  t o  r e d u c e  le a d  c o n t a m in a t io n  i s  

p r e t r e a t m e n t  o f  t h e  a n o d e  i n  a f l u o r i d e  s o l u t i o n .  T h e  o x id e  

f i l m  b e com es m o re  s t a b l e ,  a n d  t h e  a n o d e  l i f e  i s  in c r e a s e d  b y  

t h i s  p r e t r e a t m e n t . C '8 8  ̂ The  s t a b i  l i z e d  o x id e  f i l m  re d u c e s  

t h e  a m o u n t o f  s u s p e n d e d  P b 0 2 a n d  a c c o r d in g l y  t h e  a m o u n t o f  

le a d  c o n t a m in a t io n .

A l t e r n a t i v e  a n o d e  m a t e r i a l s  may a ls o  a v o id  t h e  p ro b le m  

o f  le a d  c o n t a m in a t io n .  T h e  u s e  o f  a t i t a n i u m  a n o d e  c o a te d  

w i t h  Mn02 h a s  b e e n  r e p o r t e d  t o  r e d u c e  t h e  a n o d e  p o t e n t i a l  

a n d  a n o d e  w e i g h t . ^  38 ^

T h e  p ro b le m  o f  a n o d e  c o r r o s io n  a n d  le a d  c o n t a m in a t io n  

i s  q u i t e  s e r i o u s .  P o o r  q u a l i t y  z in c  a n d  e x c e s s iv e  a n o d e  

l o s s  c a n  le a d  t o  p o o r  e c o n o m y  o f  o p e r a t i o n .  F o r t u n a t e l y ,  

m e th o d s  o f  c o p in g  w i t h  t h e  p ro b le m  h a v e  b e e n  d e v e lo p e d .

D . C o m m e n ta ry  on  P a s t  a n d  F u t u r e  R e s e a rc h

T h e  r e s u l t s  o f  t h e  v a r io u s  i n v e s t i g a t i o n s  sh o w  t h e  im p o r ta n c e  o f  

i m p u r i t y  i n t e r a c t i o n  on  t h e  z in c  e l e c t r o d e p o s i t i o n  p r o c e s s .  M any o f  

t h e  r e s u l t s  a r e  n o t  d i r e c t l y  c o m p a r a b le ,  b e c a u s e  t h e  e x p e r im e n ta l  

c o n d i t i o n s ,  s u c h  a s  a c id  c o n c e n t r a t i o n ,  z in c  c o n c e n t r a t i o n ,  c u r r e n t  

d e n s i t y ,  t e m p e r a t u r e ,  t im e  o f  e l e c t r o l y s i s ,  a n d  i m p u r i t y  c o n t e n t  

v a r y  f r o m  i n v e s t i g a t o r  t o  i n v e s t i g a t o r .  As a r e s u l t ,  t h e r e  re m a in
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m any u n r e s o lv e d  c o n t r a d i c t i o n s  c o n c e r n in g  t h e  d e g re e  o f  h a rm  c a u s e d  b y  

t h e  p r e s e n c e  o f  a g iv e n  im p u r i t y  a s  w e l l  as  t h e  m axim um  a c c e p t a b le  

l e v e l  o f  t h e  i m p u r i t y  i n  t h e  e l e c t r o l y t e .  Some e f f e c t s  o f  t h e  i m p u r i ­

t i e s  a r e  b e n e f i c i a l ,  b u t  m o s t a r e  n o t .  B a la n c in g  t h e  l e v e l s  o f  a d d i ­

t i o n  r e a g e n ts  w i t h  t h e  im p u r i t y  c o n t e n t  o f  t h e  e l e c t r o l y t e  i s  s t i l l  

l a r g e l y  d o n e  o n  an  e m p i r i c a l  b a s i s .  New t e c h n iq u e s ,  s u c h  as  c y c l i c  

v o l t a m m e t r y ,  s c a n n in g  e l e c t r o n  m ic r o s c o p y ,  a n d  x - r a y  d i f f r a c t i o n  h o ld  

p r o m is e  i n  t h i s  a r e a ,  b u t  m uch m o re  w o rk  i s  n e e d e d  u s in g  t h e s e  

t e c h n iq u e s .

I n  a d d i t i o n ,  i t  h a s  o f t e n  b e e n  fo u n d  t h a t  som e e l e c t r o l y t e s  w h ic h  

c o n t a in  m o re  th a n  o n e  im p u r i t y  e n c o u n te r  a much g r e a t e r  d r o p  i n  

c a th o d e  c u r r e n t  e f f i c i e n c y  th a n  e x p e c t e d .  T h is  s y n e r g i s t i c  e f f e c t  o f  

o n e  i m p u r i t y  w i t h  a n o t h e r  i s  w e l l  r e c o g n iz e d ,  b u t  i t  i s  n o t  w e l l  u n d e r  

s t o o d .  A l s o ,  q u a n t i t a t i v e  g u i d e l i n e s  f o r  a l l o w a b le  c o n c e n t r a t io n s  o f  

m ix e d  i m p u r i t i e s  a r e  n o t  v e r y  r e l i a b l e .  M o re  r e s e a r c h  i s  n e e d e d  t o  

s t u d y  t h e  c o m b in e d  e f f e c t s  o f  t h e  i m p u r i t i e s  a n d  t o  o b s e r v e  how th e  

m a in  p r o c e s s  p a r a m e te r s  i n t e r a c t  w i t h  c h a n g e s  i n  t h e  i m p u r i t y  c o n t e n t .  

T h e  u s e  o f  f a c t o r i a l l y  d e s ig n e d  e x p e r im e n ts  h a s  o n ly  r e c e n t l y  b e en  

a p p l i e d  t o  s t u d y in g  t h e  z i n c  e l e c t r o l y s i s  s y s t e m . s u c h  

e x p e r im e n t s  m ay be  o f  g r e a t  h e lp  i n  s o r t i n g  o u t  t h e  c o m b in a t io n s  o f  

i m p u r i t i e s  w h ic h  a c t  s y n e r g i s t i c a l l y .  P ro c e s s  m o d e l in g  o f  t h e  f a c t o r s  

i n v o l v e d  i n  t h e  z in c  e l e c t r o l y s i s  a l s o  w o u ld  be p o s s ib le  u s in g  s t a t i s ­

t i c a l l y  d e s ig n e d  e x p e r im e n t s .  T h is  w o u ld  a l l o w  some p r e d i c t a b i l i t y  on 

t h e  e f f e c t s  o f  c h a n g in g  i m p u r i t y  c o n c e n t r a t i o n s  a n d  p r o c e s s  p a ra m e te r s

P r o g r e s s  h a s  b e e n  m ade to w a r d s  a b e t t e r  u n d e r s ta n d in g  o f  t h e  

m e c h a n is m s  b y  w h ic h  i m p u r i t i e s  i n t e r a c t  a t  t h e  c a th o d e .  I t  i s  o n ly  

r e c e n t l y  t h a t  t h e  n e w e r  t e c h n iq u e s  h a v e  b e e n  a p p l i e d  t o  t h i s  p ro b le m
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a n d  m uch o f  t h e  o l d e r  r e s e a r c h  o n ly  p r o v id e s  l i m i t e d  e v id e n c e  t o  s u p ­

p o r t  t h e  v a r io u s  h y p o th e s e s  o f  i n t e r a c t i o n .  T h e  u s e  o f  c y c l i c  

v o l t a m m e t r y  a n d  m o rp h o lo g y  s t u d ie s  s h o u ld  b e  o f  p a r t i c u l a r  h e lp  i n  

c o n f i r m i n g  p a s t  id e a s  o f  im p u r i t y  i n t e r a c t i o n .

I n  v ie w  o f  t h e  l a r g e  a m o u n ts  o f  e l e c t r i c a l  e n e r g y  co n su m e d  b y  th e  

e l e c t r o w in n i n g  p r o c e s s ,  a b e t t e r  u n d e r s ta n d in g  o f  t h e  i n f l u e n c e  o f  t h e  

i m p u r i t i e s  a n d  a d d i t i v e s  i s  im p o r t a n t  i n  a c h ie v in g  a m o re  e f f i c i e n t  

u s e  o f  e n e rg y  r e s o u r c e s .  B e c a u s e  t h e  e f f e c t s  o f  t h e  i m p u r i t i e s  a r e  

e x h i b i t e d  a t  lo w  l e v e l s ,  m o s t o f  t h e  r e s e a r c h  an d  d e v e lo p m e n t  e f f o r t  

h a s  b e e n  a im e d  a t  im p r o v in g  t h e  p u r i f i c a t i o n  p ro c e s s  a n d  t h e  r e l i a b i ­

l i t y  o f  t h e  a n a l y t i c a l  c o n t r o l  o f  t h e  f i n a l  p u r i t y  o f  t h e  e l e c t r o l y t e .  

S in c e  a n y  d e c re a s e  i n  c a t h o d i c  c u r r e n t  e f f i c i e n c y  r e s u l t s  i n  a c o r ­

r e s p o n d in g  in c r e a s e  i n  e l e c t r i c a l  p o w e r  c o n s u m p t io n ,  t h e  c e l l  o p e r a t o r  

a s k s  f o r  an  e l e c t r o l y t e  as  f r e e  as p o s s ib le  o f  h a r m fu l  i m p u r i t i e s .

T h e  c o s t  o f  t h e  p u r i f i c a t i o n ,  h o w e v e r ,  s h o u ld  n o t  b e  n e g le c t e d ,  s in c e  

i t  r e q u i r e s  h e a t in g  s o l u t i o n s  t o  h ig h  te m p e r a tu r e s  a n d  c o n su m e s  la r g e  

q u a n t i t i e s  o f  z i n c  p o w d e r  i n  t h e  p u r i f i c a t i o n .  I f  t h e  i n t e r a c t i o n s  o f  

t h e  m a jo r  p r o c e s s  p a r a m e te r s  a n d  i m p u r i t i e s  w e re  b e t t e r  u n d e r s to o d ,  

p e rh a p s  le s s  th o r o u g h  p u r i f i c a t i o n  c o u ld  be u s e d  a n d  a n  o v e r a l l  e n e rg y  

s a v in g  r e a l i z e d .  As an  e x a m p le ,  a t  t im e s  o f  p o o r  p u r i f i c a t i o n ,  bad 

c u r r e n t  e f f i c i e n c i e s  a r e  u s u a l l y  o b t a in e d .  I f  t h e  m a jo r  p r o c e s s  p a r a ­

m e te r s  c o u ld  b e  a d ju s t e d  d u r in g  t h i s  t im e  ( i . e . ,  s t r i p p i n g  t im e ,  

a c id  c o n c e n t r a t i o n ) ,  some im p ro v e m e n t  i n  t h e  c u r r e n t  e f f i c i e n c y  c o u ld  

p r o b a b ly  b e  o b t a in e d .  O nce t h e  m e c h a n is m  o f  i n t e r a c t i o n  i s  u n d e r ­

s t o o d ,  m o re  p r o c e s s  c o n t r o l  s h o u ld  be  p o s s i b l e .

O v e r a l l ,  t h e  r e s e a r c h  d o n e  th u s  f a r  h a s  h e lp e d  p o i n t  o u t  w h ic h  

i m p u r i t i e s  a r e  t h e  m o s t h a r m fu l  a n d  g iv e  a g e n e r a l  r a n g e  o f
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c o n c e n t r a t i o n  t h a t  i s  c r i t i c a l  f o r  t h e  i m p u r i t y  i n t e r a c t i o n  t o  b e  s i g ­

n i f i c a n t .  T h e  w a ys  t h e  i m p u r i t i e s  may i n t e r a c t  h a s  a ls o  b e e n  

p r o p o s e d ,  b u t  i n  m any c a s e s  n o t  f u l l y  c o n f i r m e d .  O f t h e  v a r io u s  

i m p u r i t i e s  d is c u s s e d ,  a n t im o n y  an d  g e rm a n iu m  seem  t o  be t h e  m o s t h a rm ­

f u l ,  f o l l o w e d  b y  n i c k e l ,  c o p p e r ,  c o b a l t ,  i r o n ,  a r s e n i c ,  c a d m iu m , le a d ,  

a n d  th e n  m a n g a n e s e . The  f i r s t  tw o  h a v e  s i g n i f i c a n t  e f f e c t s  a t  c o n c e n ­

t r a t i o n s  i n  t h e  p p b  r a n g e ,  w h e r e a s ,  t h e  o t h e r s  i n  t h e  ppm (m g/ l )  

r a n g e .  S u b s t a n t i a l  w o rk  i s  s t i l l  n e c e s s a r y  t o  c o n f i r m  t h e  m e c h a n is m s  

o f  i n t e r a c t i o n ;  d e te r m in e  w h a t  s y n e r g is m  e x i s t s ;  a n d  t o  o b t a i n  w a y s  t o  

b e t t e r  c h a r a c t e r i z e  a g iv e n  e l e c t r o l y t e  s o  t h a t  t h e  c u r r e n t  e f f i c i e n c y  

an d  th e  t y p e  o f  z i n c  d e p o s i t  o b t a in e d  may be  b e t t e r  p r e d i c t e d .
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APPENDIX C

E x p e r i m e n t a l  V a lu e s  f o r t h e  C u r r e n t  E f f i c i e n c y  T e s t s

T a b l e  I V . C u r r e n t  E f f i c i e n c y R e s u l t s  f o r  t h e F a c t o r i a l  D e s ig n

D e s ig n

R e f e r e n c e

N um ber

F a c t o r i a l

Code

C u r r e n t  

E f f i c i e n c y ,  % 

E x p e r i m e n t a l

C u r r e n t

E f f i c i e n c y ,

C a l c u l a t e d

1 1 9 3 . 3 9 2 . 3

2 t 9 4 .1 9 2 . 8

3 a 8 6 . 4 8 4 .1

4 ta 7 0 . 5 7 1 . 5

5 g 8 8 . 5 8 8 .6

6 t g 8 7 . 0 8 5 . 4

7 ag 7 6 . 2 7 0 . 7

8 t a g 5 2 . 9 5 3 . 2

9 s 9 1 .1 9 1 . 8

10 t s 7 9 . 5 8 2 . 3

11 as 7 6 . 6 7 9 . 0

12 t a s 3 8 . 5 4 3 . 5

13 gs 8 1 . 2 8 4 . 4

14 t g s 5 2 . 5 6 0 . 4

15 a g s 2 8 . 4 3 9 . 9

16 t a g s 6 .0 1 8 . 4

17 c 9 3 . 0 9 0 . 3

18 t c 7 8 . 8 8 1 . 7

19 a c 4 0 . 3 4 1 .1

20 t a c 3 9 . 6 3 5 . 9

21 g c 8 8 .0 8 6 .8



1 7 7

T a b l e  I V ( Co n t i n u e d )

Desi gn

Ref er ence

Number

Fact or i al

Code

Cur r ent  

Ef f i ci ency,  % 

Exper i ment al

Cur r ent  

Ef f i ci ency,  % 

Cal cul at ed

22 t gc 83. 2 80. 5

23 age 7. 6 2 1 .8

24 t age 0. 9 3. 8

25 sc 76. 8 78. 1

26 t sc 66. 2, 69. 0 70. 3

27 asc 48. 0 55. 7

28 t asc 13. 3 21. 9

29 gsc 45. 0 51. 7

30 t gsc 32. 4 40. 6

31 agsc 0 . 6 18. 4

32 t agsc 5. 1, 2. 5 6. 5

33 r 93. 0 89. 9

34 t r 90. 4 85. 8

35 ar 85. 4 76. 6

36 t ar 66 . 4 , 72 . 8 69. 2

37 gr 89. 8 87. 6

38 t gr 77. 7 78. 3

39 agr 67. 2 66. 7

40 t agr 42. 4 41. 0

41 sr 8 6 .6 8 8 .0

42 t sr 66. 7 67. 4



1 7 8

T a b l e  I V ( C o n t i n u e d )

D e s ig n

R e f e r e n c e

M um ber

F a c t o r i a l

Code

C u r r e n t  

E f f i c i e n c y ,  % 

E x p e r i m e n t a l

C u r r e n t  

E f f i c i e n c y ,  % 

C a l c u l a t e d

4 3 a s r 4 5 . 0 5 0 . 8

44 t a s r 1 0 .0 2 2 . 4

45 g s r 6 8 . 4 7 3 . 7

46 t g s r 4 4 . 7 5 0 . 6

47 a g s r 3 5 . 0 4 2 . 2

4 8 t a g s r 1 9 . 6 2 2 . 4

49 c r 9 2 . 9 9 1 . 5

5 0 t e r 6 5 . 3 7 1 . 7

51 a c r 3 1 . 4 3 3 . 0

52 t a c r 0 . 0 - 0 . 5

5 3 g c r 9 2 . 2 9 1 . 0

5 4 t g e r 6 1 . 6 6 8 . 9

55 a g e r 4 . 0 8 .6

5 6 t a g e r 0 . 0 - 0 . 3

57 s c r 5 6 . 0 6 1 . 7

58 t s c r 5 3 . 8 5 8 . 7

59 a s c r 1 7 . 0 2 4 . 4

6 0 t a s c r 1 2 .6 9 . 0

61 g s e r 4 2 . 8 5 1 . 4

62 t g s e r 7 . 5 2 2 . 5

6 3 a g s e r 0 . 0 1 9 . 2



1 7 9

T a b l e  I V ( Co n t i n u e d )

D e s ig n

R e f e r e n c e

N u m be r

F a c t o r i a l

Code

C u r r e n t  

E f f i c i e n c y ,  % 

E x p e r i m e n t a l

C u r r e n t

E f f i c i e n c y ,

C a l c u l a t e d

6 4 t a g s c r 0 . 0 - 0 . 1

65 0 8 6 . 9 , 8 7 . 3 9 3 . 3

6 6 t o 8 5 . 0 8 6 . 4

67 ao 7 3 . 2 7 5 . 6

6 8 t a o 7 2 . 9 7 7 . 0

69 go 8 5 . 3 9 0 . 4

70 t g o 7 8 . 7 8 0 . 3

71 a g o 5 0 . 6 5 6 . 2

72 t a g o 5 0 . 6 5 5 . 4

73 s o 9 2 . 4 9 6 . 8

74 t s o 8 8 . 5 8 5 . 7

75 a s o 8 3 . 6 8 1 . 3

76 t a s o 5 8 . 6 5 8 . 6

77 g s o 9 1 . 2 9 3 . 2

78 t g s o 8 4 . 8 7 7 . 0

79 a g s o 7 6 . 8 6 5 . 3

8 0 t a g s o 5 6 .1 4 8 . 9

81 CO 8 6 . 3 8 5 .1

82 t c o 9 1 . 3 8 7 . 2

83 a c o 4 3 . 5 4 1 . 5

8 4 t a c o 2 8 . 9 2 8 . 6



1 8 0

T a b l e  I V ( Co n t i n u e d )

D e s ig n

R e f e r e n c e

N um ber

F a c t o r i a l

Code

C u r r e n t  

E f f i c i e n c y ,  % 

E x p e r i m e n t a l

C u r r e n t  

E f f i c i e n c y ,  % 

C a l c u l a t e d

85 ge o 9 0 . 0 8 7 . 2

86 t g c o 6 9 . 6 7 1 .1

87 a g e o 6 7 . 5 5 2 .1

88 t a g e o 2 0 .1 1 3 . 3

89 SCO 9 2 . 8 8 5 . 2

90 t s c o 7 4 . 0 7 2 . 3

91 a s c o 7 6 . 4 6 9 . 7

92 t a s c o 6 0 . 9 4 6 . 0

9 3 g s c o 8 5 . 8 7 2 . 8

94 t g s c o 6 1 . 2 5 4 .1

95 a g s c o 7 0 . 8 5 4 . 2

96 t a g s c o 2 7 . 4 1 8 . 5

97 r o 8 4 . 7 8 6 . 7

9 8 t r o 8 2 . 4 8 3 . 0

99 a r o 5 9 . 0 6 3 . 9

10 0 t a r o 7 0 . 1 , 7 6 . 0 7 2 . 3

101 g r o 8 7 . 4 8 8 . 4

102 t g r o 9 0 . 8 8 6 .2

1 0 3 a g r o 7 5 . 6 7 2 .1

104 t a g r o 4 3 . 2 4 3 . 4

105 s r o 9 3 .1 9 2 . 8



1 8 1

T a b l e  I V ( Co n t i n u e d )

D e s ig n

R e f e r e n c e

N um ber

F a c t o r i a l

Code

C u r r e n t  

E f f i c i e n c y ,  % 

E x p e r i m e n t a l

C u r r e n t  

E f f i c i e n c y ,  % 
C a l c u l a t e d

106 t s r o 8 6 . 4 7 9 . 5

107 a s r o 8 7 . 2 7 5 . 0

108 t a s r o 6 4 . 4 5 3 . 0

109 g s r o 9 3 . 2 8 9 .1

n o t g s r o 8 5 . 6 7 3 . 4

111 a g s r o 8 1 . 4 6 7 . 9

112 t a g s r o 3 3 . 6 3 1 . 9

113 c r o 8 9 . 8 9 1 . 3

114 t c r o 7 2 . 5 7 1 . 3

115 a e r o 1 8 .1 2 1 .6

116 t a c r o 0 . 9 1 . 5

117 g c r o 8 8 . 4 8 9 . 6

118 t g c r o 7 4 . 7 7 2 . 5

119 a g e r o 5 .1 5 . 7

120 t a g e r o 0 .0 0 . 4

121 s c r o 8 3 . 7 7 8 .1

122 t s c r o 5 4 . 9 5 5 .1

123 a s c r o 2 9 . 0 2 6 . 7

124 t a s c r o o . o 3 . 6

125 g s c r o 8 1 . 4 7 2 . 9

126 t g s e r o 5 3 . 7 4 3 . 9



1 8 2

T a b l e  IV  ( C o n t i n u e d )

D e s ig n C u r r e n t C u r r e n t

R e f e r e n c e F a c t o r i a l E f f i c i e n c y ,  % E f f i c i e n c y ,  %
N um ber Code E x p e r i m e n t a l C a l c u l a t e d

127 a g s c r o 6 2 . 7 , 6 6 . 1 5 0 . 4

128 t a g s c r o 0 . 9 1 .1



1 8 3

T a b l e  V . C u r r e n t  E f f i c i e n c i e s  f o r  t h e  C e n t e r  P o i n t s  a n d  

A n a l y s i s  o f  V a r i a n c e  f o r  t h e  F a c t o r i a l  D e s ig n .

T e s t  # C u r r e n t  E f f i c i e n c y ,  % A v g . ,  CE V a r i a n c e

26 6 6 . 2 , 6 9 . 0 6 7 . 6 3 . 9 2

32 5 . 1 , 2 . 5 3 . 8 3 . 3 9

35 6 6 . 4 , 7 2 . 8 6 9 . 6 2 0 . 5 2

65 8 6 . 9 , 8 7 . 3 8 7 .1 0 . 0 8

99 7 0 . 1 , 7 6 . 0 7 3 .1 1 7 . 3 9

127 6 2 . 7 , 6 6 .1 6 4 . 4 2 . 8 9

C e n t e r  P o i n t s : 8 6 . 8 8 2 . 3 7 9 . 3 3 1 . 3 6

8 4 . 4 8 1 . 3

8 3 . 7 7 8 . 3

8 4 . 5 7 8 . 0

7 0 . 0 8 0 . 2

7 7 . 6 7 4 . 8

6 8 . 3

P o o le d  V a r i a n c e  = 2 3 . 5 8  

P o o le d  S t a n d a r d  D e v i a t i o n  = 4 . 8 6



1 8 4

T a b le  V I .  C u r r e n t E f f i c i e n c y  R e s u l t s  f o r  12 h o u r  D e p o s i t s

a t  45° C f r o m  t h e  B a se  E l e c t r o l y t e .

C u r r e n t  D e n s i t y  

( m a /c m 2 )

C u r r e n t  E f f i c i e n c y

< * ) R e f e r e n c e

4 0 . 4 9 6 . 7 1 - 5 0 - 1

4 0 . 2 9 7 . 2 1 - 7 1 - 1

4 0 . 7 9 7 . 0 2 - 4 - 1

4 0 . 3 9 6 . 6 2 - 2 4 - 1

4 0 . 7 9 6 . 6 2 - 5 2 - 5

4 0 . 6 9 6 . 7 2 - 5 9 - 1

A v e r a g e  C u r r e n t  E f f i c i e n c y ,  % = 9 6 . 8 .



1 8 5

T a b l e  V I I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s

a t  4 0 ° C f r o m I n d u s t r i a l  E l e c t r o l y t e  C o n t a i n i n g

6 0  g/l  Z n  a n d  2 0 0  g/l  H 2 S0<* .

C u r r e n t  D e n s i t y

( m a /c m 2 )
C u r r e n t  E f f i c i e n c y  

(%) R e f e r e n c e  #

30 6 6 .6 3 - 8 0 - 1

5 3 . 6 3 - 8 6 - 1

40 7 9 . 5 3 - 8 4 - 1

6 9 . 2 3 - 8 6 - 1

50 7 7 . 9 3 - 8 0 - 2

7 7 . 7 3 - 8 6 - 2

60 8 2 . 2 3 - 8 0 - 4

8 0 . 8 3 - 8 6 - 3

70 8 6 . 7 3 - 8 0 - 5

7 8 . 7 3 - 8 2 - 5

8 2 . 9 3 - 8 4 - 4

80 8 6 . 3 3 - 8 0 - 6

8 5 .1 3 - 8 4 - 3



1 8 6

T a b l e  V I I I .  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  1 2  h o u r  De p o s i t s  a t  4 0 ° C

f r o m I n d u s t r i a l  E l e c t r o l y t e s  C o n t a i n i n g  6 0  g/l  Z n  a n d

V a r i o u s  C o n c e n t r a t i o n s  o f  H 2S O 1, .

A c i d

C o n c e n t r a t i o n

Gn  h 2s c k

C u r r e n t  D e n s i t y  

( m a /c m 2 )

C u r r e n t  E f f i c i e n c y

(%) R e f e r e n c e  #

0 7 0 .1 9 4 . 7 3 - 8 2 - 1

50 7 0 .1 9 5 . 9 3 - 8 2 - 2

10 0 7 0 .1 9 3 . 9 3 - 8 2 - 3

150 7 0 .1 9 0 . 8 3 - 8 2 - 4

20 0 7 0 .1 8 6 . 7 3 - 8 0 - 5

7 0 .1 7 8 . 7 3 - 8 2 - 5

7 0 .1 8 2 . 9 3 - 8 4 - 4

2 5 0 7 0 .1 5 4 . 7 3 - 8 2 - 6



1 8 7

T a b l e  I X.  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  1 2  h o u r  De p o s i t s  a t  4 5 ° C

f r o m E l e c t r o l y t e s  C o n t a i n i n g  A n t i mo n y  a n d  1 0 0  g/l  H 2S O 1* .

Ant i mony  

Concent r a t i on 

PPB,  Sb

Cur r ent  Densi t y  

( ma/ cm2)

Cur r ent  Ef f i ci ency

( %) Ref er ence #

7 39. 7 95. 0 2 - 10- 1

40. 8 95. 0 2 - 11- 1

40. 6 93. 4 2- 59- 2

13 40. 3 92. 5 2- 63- 6

14 39. 7 92. 6 2 - 10- 2

40. 8 92. 3 2 - 11- 2

21 39. 7 91. 6 2- 10- 3

40 . 8 91. 0 2- 11- 3

28 40. 4 87. 7 2- 61- 1

40. 2 79. 8 2- 85- 3

35 40. 4 86 . 4 2 - 12- 1

42 40 . 4 83. 9 2 - 12- 2

52 40. 4 80 . 4 2- 61- 2

78 40. 4 72. 4 2- 61- 3

104 40. 4 61. 1 2- 61- 4

130 40. 4 56. 7 2- 61- 5

156 40. 4 48. 7 2- 61- 6



1 8 8

Tabl e X.  Cur r ent  Ef f i ci ency Resul t s f or  12 hour  Deposi t s at  45° C 

f r om El ect r ol yt es Cont ai ni ng Ant i mony and 150 q / l  

H z S O * .

Ant i mony  

Concent r at i on 

PPB,  Sb

Cur r ent  Densi t y  

( ma/ cm2 )

Cur r ent  Ef f i ci ency

( % ) Ref er ence #

0 40. 3 94. 8 2- 70- 1

6. 5 40. 3 92. 6 2- 71- 1

13 40. 3 88. 9 2- 71- 2

26 40. 3 83. 3 2- 71- 3

39 40. 3 79. 9 2- 71- 4

52 40. 3 72. 9 2- 71- 5

65 40. 3 6 6 .0 2- 71- 6



1 8 9

Tabl e XI .  Cur r ent  Ef f i c i ency Resul t s f or  12 hour  Deposi t s at  45° C 

f r om El ect r ol yt es Cont ai ni ng Ar seni c  and 100 g/ l

h 2s o ^ .

Concent r at i on 

PPB,  As

Cur r ent  Densi t y  

( ma/ cm2 )

Cur r ent  Ef f i ci ency

( % ) Ref er ence #

20 40. 4 96. 3 2- 81- 4

40. 5 96. 3 2- 82- 2

40 40. 4 96. 5 2- 81- 5

40. 5 96. 0 2- 82- 3

60 40. 5 94. 7 2- 82- 4

80 40. 4 96. 2 2- 81- 6

40. 5 93. 8 2- 82- 5

100 40. 5 93. 8 2- 82- 6



1 9 0

Tabl e  XI I .  Cur r ent  Ef f i ci ency Resul t s f or  12 hour  Deposi t s at  

45° C f r om El ect r ol yt es Cont a i ni ng Ar seni c and 

Var yi ng Aci d Concent r at i ons.

Concent r a t i on 

PPB,  As G/ L,  H2S0^

Cur r en t

Dens i t y

( ma / c m2 )

Cur r ent

Ef f i ci ency

( %) Ref er ence #

80 10 0 40. 4 96. 2 2- 81- 6

40. 5 93. 8 2- 82- 5

40. 4 92. 2 2- 90- 1

80 150 40. 4 73. 7 2- 90- 2

80 20 0 40. 4 55. 9 2- 90- 3



191

Tabl e  XI I I .  Cur r ent  Ef f i ci ency Resul t s f or  12 hour  Deposi t s at

45° C f r om El ect r ol yt es Cont a i ni ng Cobal t  and 

100 g / l  H2S0. , .

Cobal t

Concent r at i on 

PPM,  Co

Cur r ent  Densi t y  

( ma/ cm2 )

Cur r ent  Ef f i ci ency

( % ) Ref er ence

1 39. 5 97. 4 1- 59- 4

40. 6 96. 4 2- 14- 1

3 40. 5 95. 8 2- 16- 1

40. 0 95. 3 2- 60- 5

5 39. 1 95. 5 1- 61- 1

40. 7 94. 0 2- 4- 4

10 39. 6 94. 2 1- 63- 2

40. 5 92. 7 1- 92- 3

39. 2 92. 4 1- 72- 1

39. 6 91. 7 1- 45- 1

15 40. 0 91. 2 1- 73- 1

40. 7 90. 3 2- 4- 5

40. 0 92. 9 2- 60- 6

2 0 40. 5 85. 2 1- 93- 1

39. 8 86. 4 1- 91- 2

39. 8 80. 8 1- 91- 1

42. 1 79. 7 1- 74- 1

25 40. 0 62. 8 1- 73- 2

40. 5 81. 5 1- 92- 1

40. 5 72. 7 1- 93- 2

35 40. 5 45. 9 1- 92- 2

40. 5 29. 8 1- 93- 3

40. 0 18. 5 1- 73- 3



1 9 2

Tabl e  XI V.  Cur r ent  Ef f i c i ency  Resul t s f or  12 hour  Deposi t s at  

45° C f r om El ect r ol yt es Cont a i ni ng Cobal t  and

Cobal t

Concent r at i on 

PPM,  Co

150 g / l  H2S0^.

Cur r ent  Densi t y  

( ma/ cm2 )

Cur r ent  Ef f i ci ency

( %) Ref er ence #

0 40. 3 94. 8 2- 70- 1

3 40. 5 93. 5 2 - 68- 1

5 40. 5 92. 5 2 - 68- 2

10 40. 5 64 . 8 2- 68- 3

15 40. 5 51. 5 2- 68- 4

20 40. 5 41. 4 2- 68- 5



1 9 3

T a b l e  XV.  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  Ge r ma n i u m a n d

1 0 0  g H  H 2 S 0 4 .

G e rm a n iu m  

C o n c e n t r a t i o n  

PPB, Ge

C u r r e n t  D e n s i t y  

( m a /c m 2 )

C u r r e n t  E f f i c i e n c y

(%) R e f e r e n c e  #

10 4 0 . 2 9 5 . 9 2 - 2 - 1

4 0 . 7 9 6 . 2 2 - 4 - 2

20 4 0 . 2 9 4 . 9 2 - 2 - 2

4 0 . 0 9 4 . 3 2 - 3 - 2

4 0 . 5 9 5 . 2 2 - 5 8 - 1

4 0 . 5 9 4 . 7 2 - 5 8 - 2

4 0 . 5 9 4 . 7 2 - 5 8 - 3

40 4 0 . 2 9 3 . 8 2 - 2 - 3

4 0 . 0 9 1 . 7 2 - 3 - 3

4 0 . 5 9 1 . 3 2 - 5 8 - 4

4 0 . 5 9 1 . 0 2 - 5 8 - 5

4 0 . 5 9 0 . 3 2 - 5 8 - 6

60 4 0 . 2 9 0 . 4 2 - 2 - 4

4 0 . 0 8 7 . 9 2 - 3 - 4

4 0 . 6 8 6 . 9 2 - 5 9 - 4

4 0 . 6 8 6 .1 2 - 5 9 - 5

4 0 . 6 8 6 .2 2 - 5 9 - 6

4 0 . 6 8 6 . 5 2 - 5 5 - 1

80 4 0 . 2 8 8 . 4 2 - 2 - 5

4 0 . 0 8 5 . 7 2 - 3 - 5

3 9 . 5 8 8 . 4 1 - 5 9 - 3

3 9 . 4 8 7 . 0 1 - 6 5 - 1

4 0 . 3 8 3 . 0 1 - 6 7 - 1

3 9 . 2 8 3 . 8 1 - 7 0 - 1

3 9 . 2 8 3 . 3 1 - 7 0 - 3

3 9 . 2 8 0 . 9 1 - 7 0 - 2

4 0 . 4 8 6 .2 2 - 5 6 - 1



1 9 4

Tabl e  XV ( Cont i nued)

Ger mani  um 

Concent r at i on 

PPB,  Ge

Cur r ent  Densi t y  

( ma/ cm2 )

Cur r ent  Ef f i ci ency

( % ) Ref er ence #

80 40. 4 85. 5 2- 56- 2

40. 4 82. 5 2- 56- 3

40. 4 84. 0 2- 56- 4

40. 4 82 . 8 2- 56- 5

100 40. 4 79. 0 2- 56- 6

40. 4 81 . 8 2- 57- 1

40 . 4 76. 5 2- 57- 2

40. 4 76. 4 2- 9- 3

40. 4 74. 6 2- 9- 4

40. 5 81. 6 2- 39- 1

40. 5 78. 2 2- 39- 2



1 9 5

Tabl e  XVI .  Cur r ent  Ef f i ci ency Resul t s f or  12 hour  Deposi t s  

at  45° C f r om El ect r ol yt es Cont ai ni ng Ger mani um 

and 150 g/ £  hUSOi * .

Ger mani um

Concent r at i on 

PPB,  Ge

Cu r r en t  Dens i t y  

( ma / c m2 )

Cur r ent  Ef f i ci ency

( * ) Ref er ence #

0 40. 3 94. 8 2- 70- 1

10 40. 3 93. 2 2- 70- 2

20 40 . 3 92. 0 2- 70- 3

30 40 . 3 88. 7 2- 70- 4

40 40. 3 88. 4 2- 70- 5

40. 5 86. 9 2- 39- 3

60 40 . 3 83. 8 2- 70- 6



1 9 6

Tabl e  XVI I .  Cur r ent  Ef f i ci ency  Resul t s f or  12 hour  Deposi t s at  

45° C f r om El ect r ol yt es Cont ai ni ng Gl ue and 100 g/ l  

HaSO*.

Gl ue

Concent r a t i on 

PPM,  Gl ue

Cur r ent  Densi t y  

( ma/ cm2)

1 .0 40. 5

1. 7 40. 5

3. 4 40. 5

5. 2 40. 0

6. 9 40. 0

8 . 6 40. 0

10. 3 40. 3

2 0 .6 40. 3

41. 3 40 . 3

82. 6 40 . 3

Cur r ent  Ef f i ci ency  

_______ __________  Ref er ence #

96. 7 1 - 88- 1

96. 5 1 - 88- 2

96. 3 1- 88- 3

97. 1 1- 89- 1

96. 0 1- 89- 2

95. 5 1- 89- 3

94 . 8 2- 18- 1

92. 3 2- 18- 2

88. 9 2- 18- 3

84. 9 2- 18- 4



1 9 7

T a b l e  X V I I I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  Gu m A r a b i c  a n d

1 0 0  g/l  Ha S O* .

Gum Ar abi c  

Concent r at i on 

PPM,  Gum Ar abi c

Cur r ent  Densi t y  

( ma/ cm2 )

22 40. 6

33 40. 1

44 40. 1

55 40. 6

66 40. 1

77 40. 1

8 8 40. 6

Cur r ent  Ef f i ci ency  

_______ ( %} ________  Ref er ence #

92. 6 2- 26- 3

91. 3 2- 31- 1

89. 7 2- 31- 2

8 8 . 8 2- 26- 4

87- 9 2- 31- 3

87. 7 2- 31- 4

8 6 .2 2- 26- 5



1 9 8

T a b l e  X I X .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  C h l o r i d e  a n d

10 0  g/l  H 2S O4 .

HC1

C o n c e n t r a t i o n  

PPM, HC1

C u r r e n t  D e n s i t y  

( m a /c m 2 )

C u r r e n t  E f f i c i e n c y

(%) R e f e r e n c e

99 4 0 . 6 9 6 . 3 2 - 2 8 - 1

19 8 4 0 . 6 9 6 . 4 2 - 8 2 - 2

29 7 4 0 . 6 9 5 . 7 2 - 2 8 - 3

39 6 4 0 . 6 9 5 . 5 2 - 2 8 - 4

4 9 5 4 0 . 6 9 5 . 6 2 - 2 8 - 5



1 9 9

I mpur i t y Concent r a t i on Cur r ent  Densi t y Cur r ent  Ef f i ci ency  

PPB,  Sb PPb,  Ge ( m a /c m 2 ) _______ ___________ Ref er ence #

T a b l e  XX.  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  D e p o s i t s  a t  4 5 ° C

f r o m E l e c t r o l y t e s  C o n t a i n i n g  A n t i mo n y  a n d  Ge r ma n i u m a n d

1 0 0  g I L  H zS O *.

20 40. 3 87. 8 2- 63- 1

40. 4 84. 0 2 - 66- 1

40 40. 3 81. 0 2- 63- 2

40. 4 73. 0 2 - 66- 2

60 40. 3 74. 4 2- 63- 3

40. 4 65. 8 2- 66- 3

80 40. 3 72. 3 2- 63- 4

40. 4 52. 5 2- 66- 4

10 0 40. 3 57. 4 2- 63- 5

40. 4 47. 3 2- 66- 5

1 3



2 0 0

I m p u r i t y  C o n c e n t r a t i o n  C u r r e n t  D e n s i t y  C u r r e n t  E f f i c i e n c y

PPB, Sb_______ PPM, G lu e  ( m a /c m 2 ) ________ (% )__________  R e f e r e n c e  #

T a b l e  XX I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C f r o m E l e c t r o l y t e s  C o n t a i n i n g  A n t i mo n y  a n d

Gl u e  a n d  1 0 0  g /l  f ^SOi , .

7 2 0 .6 4 0 . 4 9 4 . 3 2 - 3 5 - 1

14 2 0 .6 4 0 . 4 9 4 . 2 2 - 3 5 - 2

21 2 0 .6 4 0 . 4 9 3 . 5 2 - 3 5 - 3

28 2 0 .6 4 0 . 4 9 3 . 3 2 - 3 5 - 4

35 2 0 .6 4 0 . 4 9 3 .1 2 - 3 5 - 5

1 0 4 1 4 0 . 3 6 8 . 4 2 - 6 9 - 1

1 0 4 3 4 0 . 3 7 1 . 6 2 - 6 9 - 2

10 4 6 4 0 . 3 7 4 . 4 2 - 6 9 - 3

104 10 4 0 . 3 7 5 . 2 2 - 6 9 - 4

1 0 4 13 4 0 . 3 7 9 . 0 2 - 6 9 - 5

1 0 4 18 4 0 . 3 8 5 . 3 2 - 6 9 - 6



201

T a b l e  X X I I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C f r o m E l e c t r o l y t e s  C o n t a i n i n g  A n t i mo n y  a n d  Gu m

A r a b i c  a n d  1 0 0  g / £  H 2 S 0 i*.

I m p u r i t y

C o n c e n t r a t i o n
PPB,  Sb PPM,  Gu m Ar ab i c

C u r r e n t

D e n s i t y
( m a / c n r )

C u r r e n t
E f f i c i e n c y

(%) R e f e r e n c e  #

7 22 4 0 . 7 9 4 . 8 2 - 3 2 - 1

14 22 4 0 . 7 9 4 . 4 2 - 3 2 - 2

21 22 4 0 . 7 9 3 . 6 2 - 3 2 - 3

28 22 4 0 . 7 9 3 . 3 2 - 3 2 - 4

35 22 4 0 . 7 9 2 . 5 2 - 3 2 - 5



2 0 2

T a b l e  XX I I I .  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  C o b a l t  a n d

A n t i mo n y  a n d  1 0 0  g/l  H 2SO* .

I m p u r i t y  C o n c e n t r a t i o n  

PPM, Co PPB, SB

C u r r e n t  D e n s i t y

( m a /c m 11)

C u r r e n t  E f f i c i e n c y

( * > R e f e r e n c e  #

1 7 4 0 . 6 9 4 . 4 2 - 1 4 - 2

1 14 4 0 . 6 9 2 . 4 2 - 1 4 - 3

1 21 4 0 . 6 9 0 . 3 2 - 1 4 - 4

1 28 4 0 . 6 8 9 . 0 2 - 1 4 - 5

3 7 4 0 . 5 9 4 . 0 2 - 1 6 - 2

3 14 4 0 . 5 9 1 . 6 2 - 1 6 - 3

3 21 4 0 . 5 8 8 . 7 2 - 1 6 - 4

3 28 4 0 . 5 8 6 . 3 2 - 1 6 - 5

5 7 4 0 . 5 8 7 . 0 2 - 1 3 - 1

5 1 4 4 0 . 5 8 4 . 6 2 - 1 3 - 2

5 21 4 0 . 5 7 9 . 3 2 - 1 3 - 3

5 28 4 0 . 4 6 5 . 8 2 - 1 2 - 3

4 0 . 5 7 1 . 2 2 - 1 3 - 4

10 2 8 4 0 . 4 5 2 . 5 2 - 1 2 - 4

15 28 4 0 . 4 2 7 .1 2 - 1 2 - 5



2 0 3

T a b l e  X X I V .  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C f r o m E l e c t r o l y t e s  C o n t a i n i n g  C o b a l t ,  A n t i mo n y ,

a n d  Gl u e  a n d  1 0 0  g /l  H 2 S0i * .

PPM, Co

I m p u r i t y  

C o n c e n t r a t i o n  

PPB, Sb PPM, G lu e

Cur r en t

Dens i t y

( ma / c m2 )

C u r r e n t

E f f i c i e n c y

(%) R e f e r e n c e

5 7 20 .6 4 0 . 8 9 1 . 2 2 - 2 5 - 2

5 14 20 .6 4 0 . 8 9 1 . 5 2 - 2 5 - 3

5 21 20 .6 4 0 . 8 8 9 . 4 2 - 2 5 - 4

5 28 20 .6 4 0 . 8 8 8 . 4 2 - 2 5 - 5

4 1 . 2 8 5 . 2 2- 22-2



2 0 4

T a b l e  XXV.  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  C o b a l t  a n d

Ge r ma n i u m a n d  1 0 0  g / £  H 2 S0i * .

I m p u r i t y  C o n c e n t r a t i o n  C u r r e n t  D e n s i t y  C u r r e n t  E f f i c i e n c y  

PPM, Co PPB, Ge ( m a /c m 2 ) ________ (% ]__________  R e f e r e n c e  #

100 4 0 . 4 8 1 . 7 2 - 4 3 - 1

100 4 0 . 4 7 8 . 7 2 - 4 3 - 2

20 4 0 . 8 9 2 . 0 2 - 2 7 - 1

4 0 . 8 9 2 . 0 2 - 2 7 - 1

40 4 0 . 2 8 4 . 5 2 - 3 0 - 2

4 0 . 8 8 9 . 8 2 - 2 7 - 2

60 4 0 . 2 7 7 . 4 2 - 3 0 - 3

4 0 . 8 8 0 . 0 2 - 2 7 - 3

80 4 0 . 2 6 9 . 2 2 - 3 0 - 4

4 0 . 8 7 3 . 5 2 - 2 7 - 4

100 4 0 . 2 6 7 . 4 2 - 3 0 - 5

4 0 . 8 6 7 . 5 2 - 2 7 - 5

5



2 0 5

T a b l e  X X V I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C f r o m E l e c t r o l y t e s  C o n t a i n i n g  Co b a l t ,

Ge r ma n i u m,  a n d  Gl u e  a n d  1 0 0  g /l  H 2 S0i , .

I m p u r i t y  C o n c e n t r a t i o n

PPM, Co PPM, G lu e  PPB, Ge 

5 3 100

5 6 100

5 9 100

5 12 10 0

100

C u r r e n t

D e n s i t y

( m a / c r r r )

C u r r e n t

E f f i c i e n c y

(%) R e f e r e n c e

4 0 . 3 8 7 . 9 2 - 4 2 - 1

4 0 . 7 8 2 .1 2 - 4 8 - 1

4 0 . 3 9 0 . 9 2 - 4 2 - 2

4 0 . 7 9 0 . 4 2 - 4 8 - 2

4 0 . 3 9 2 . 9 2 - 4 2 - 3

4 0 . 7 9 2 . 7 2 - 4 8 - 3

4 0 . 3 9 3 .1 2 - 4 2 - 4

4 0 . 7 9 2 . 6 2 - 4 8 - 4

4 0 . 3 9 2 . 6 2 - 4 2 - 5

4 0 . 7 9 3 . 3 2 - 4 8 - 5

5 15



2 0 6

T a b l e  X X V I I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  C o b a l t  a n d  Gl u e

a n d  1 0 0  g /l  H 2 S0i f .

I m p u r i t y  C o n c e n t r a t i o n  

PPM, Co PPM, G lu e

C u r r e n t  D e n s i t y

( m a /c m z )

C u r r e n t  E f f i c i e n c y

(%) R e f e r e n c e  #

5 10 4 0 . 3 9 3 . 5 2 - 2 4 - 2

5 20 4 0 . 3 9 2 . 3 2 - 2 4 - 3

4 0 . 8 9 1 . 8 2 - 2 5 - 1

5 40 4 0 . 3 88 .6 2 - 2 4 - 4

5 80 4 0 . 3 8 4 . 9 2 - 2 4 - 5



2 0 7

T a b l e  X X V I I I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  Ge r ma n i u m a n d

Gl u e  a n d  1 0 0  g /l  Ha SOt , .

I m p u r i t y  C o n c e n t r a t i o n  

PPB, Ge PPM, G lu e

C u r r e n t  D e n s i t y  

( m a /c m 2 )

C u r r e n t  E f f i c i e n c y

(%) R e f e r e n c e  #

20 20 4 0 . 0 9 2 . 4 2 - 3 6 - 1

4 0 20 4 0 . 0 9 1 . 9 2 - 3 6 - 2

60 20 4 0 . 0 9 1 . 4 2 - 3 6 - 3

80 20 4 0 . 0 9 1 . 6 2 - 3 6 - 4

100 1 4 0 . 5 8 1 . 2 2 - 6 7 - 1

100 3 4 0 . 5 8 6 . 4 2 - 6 7 - 2

100 6 4 0 . 5 9 0 . 8 2 - 6 7 - 3

100 10 4 0 . 5 9 2 . 2 2 - 6 7 - 4

100 13 4 0 . 5 9 2 . 3 2 - 6 7 - 5

100 18 4 0 . 5 9 1 .1 2 - 6 7 - 6

100 20 4 0 . 0 9 1 . 5 2 - 3 6 - 5



2 0 8

T a b l e  X X I X .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C f r o m E l e c t r o l y t e s  C o n t a i n i n g  Gl u e  a n d  C h l o ­

r i d e  a n d  1 0 0  g / £  H 2 S0 i t .

I m p u r i t y  C o n c e n t r a t i o n  

PPM, G lu e  PPM, HC1

C u r r e n t  D e n s i t y  

( m a /c m 2 )

C u r r e n t  E f f i c i e n c y  

(%) R e f e r e n c e  #

10 19 8 4 0 . 7 9 3 . 2 2 - 3 4 - 1

20 1 9 8 4 0 . 7 9 3 . 7 2 - 3 4 - 2

40 198 4 0 . 6 9 2 . 6 2 - 2 6 - 1

4 0 . 7 9 1 . 6 2 - 3 4 - 3

50 198 4 0 . 7 9 1 . 0 2 - 3 4 - 4

80 198 4 0 . 7 88 .0 2 - 3 4 - 5



2 0 9

T a b l e  XXX.  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  Co n t a i n i n g  Gu m A r a b i c  a n d

C h l o r i d e  a n d  1 0 0  g/l  H 2 S0 ^ .

I m p u r i t y

C o n c e n t r a t i o n
PPM, Gum A r a b i c  PPM, HC1

C u r r e n t  

D e n s i t y  

( m a / c n r )

C u r r e n t

E f f i c i e n c y
{%)  R e f e r e n c e  #

11 198 4 0 . 3 9 5 . 8 2 - 3 3 - 1

22 198 4 0 . 3 9 4 . 7 2 - 3 3 - 2

4 4 1 9 8 4 0 . 3 9 2 . 3 2 - 3 3 - 3

4 0 . 6 9 2 . 0 2 - 2 6 - 2

66 19 8 4 0 . 3 9 0 . 9 2 - 3 3 - 4

88 198 4 0 . 3 88 .6 2 - 3 3 - 5



2 1 0

T a b l e  X X X I .  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  2 4  h o u r  De p o s i t s  a t

4 5 ° C  f r o m E l e c t r o l y t e s  C o n t a i n i n g  V a r i o u s  I mp u r i ­

t i e s  a n d  1 0 0  g / £  H 2S 0 i*.

I m p u r i t y  C o n c e n t r a t i o n

PPM, Co PPB, Ge PPB, Sb

C u r r e n t

D e n s i t y

( m a / c n r )

C u r r e n t

E f f i c i e n c y

(%) R e f e r e n c e  §

0 0 0 4 0 . 4 9 5 . 7 2 - 7 2 - 1

5 0 0 4 0 . 4 9 4 . 8 2 - 7 2 - 2

0 4 0 0 4 0 . 4 88 .6 2 - 7 2 - 3

0 0 20 4 0 . 4 8 8 . 5 2 - 7 2 - 4

5 20 0 4 0 . 4 8 6 . 4 2 - 7 2 - 5

5 0 13 4 0 . 4 8 4 . 5 2 - 7 2 - 6



2 1 1

T a b l e  X X X I I .  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  12  h o u r  D e p o s i t s  a t  

45 ° C  f r o m  E l e c t r o l y t e s  C o n t a i n i n g  A r s e n i c  a n d  

O t h e r  I m p u r i t i e s  a n d  1 0 0  g/ l  H2S0 im

PPB, As

I m p u r i t y  C o n c e n t r a t i o n  

PPM, Co PPB, Ge PPB, Sb

C u r r e n t

D e n s i t y

( m a /c m 2 )

C u r r e n t

E f f i c i e n c y

{%) R e f e r e n c e  #

8 0 4 0 0 4 0 . 4 4 1 . 7 2 - 9 0 - 6

8 0 0 20 0 4 0 . 4 7 4 . 9 2 - 9 0 - 4

8 0 0 0 13 4 0 . 4 5 9 . 3 2 - 9 0 - 5



2 1 2

T a b l e  X X X I I I .  C u r r e n t  E f f i c i e n c y  Re s u l t s  f o r  1 2  h o u r  D e p o s i t s  a t

3 5 ° C f r o m E l e c t r o l y t e s  C o n t a i n i n g  V a r i o u s  I mp u r i ­

t i e s  a n d  1 0 0  g / £  H 2SO. M

C u r r e n t  D e n s i t y  C u r r e n t  E f f i c i e n c y
I mpu r i t y  Co nc en t r a t i o n  ( m a /c m 2 ) {%)__________  R e f e r e n c e  #

20  PPM G lu e 6 0 . 1 8 6 . 9 3 - 1 1 - 1

4 0  PPB As 6 0 .1 8 6 . 4 3 - 1 1 - 2

40  PPB Ge 6 0 .1 8 3 . 0 3 - 1 1 - 3

2 . 4  PPM Co 6 0 .1 9 1 . 5 3 - 1 1 - 4

20  PPB Sb 6 0 .1 7 9 . 9 3 - 1 1 - 5

No a d d i t i o n 6 0 .1 9 3 . 8 3 - 1 1 - 6



2 1 3

T a b l e  X X X IV .  C u r r e n t  E f f i c i e n c y  R e s u l t s  f o r  12  h o u r  D e p o s i t s  a t  

35° C  f r o m  E l e c t r o l y t e s  C o n t a i n i n g  V a r i o u s  I m p u r i ­

t i e s  a n d  2 0 0  g / £  H2S 0 i* .

C u r r e n t  D e n s i t y  C u r r e n t  E f f i c i e n c y

I m p u r i t y  C o n c e n t r a t i o n  ( m a /c m 2 ) (%)__________  R e f e r e n c e  #

20 PPM G lu e 6 0 . 2 7 3 . 2 3 - 1 3 - 1

4 0  PPB As 6 0 . 2 7 6 . 8 3 - 1 3 - 2

4 0  PPB Ge 6 0 . 2 5 8 .1 3 - 1 3 - 3

2 . 4  PPM Co 6 0 . 2 3 0 . 2 3 - 1 3 - 4

20  PPB Sb 6 0 . 2 6 4 . 2 3 - 1 3 - 5

No a d d i t i o n 6 0 . 2 8 6 . 4 3 - 1 3 - 6

6 0 . 2 88 .1 3 - 2 9 - 1



2 1 4

APPENDIX D

C a l c u l a t e d  F a c t o r  E f f e c t s  f o r  t h e  F a c t o r i a l  D e s ig n  

T a b l e  XXXV. F a c t o r s  a n d  F a c t o r  E f f e c t s  f o r  t h e  F a c t o r i a l  D e s ig n .

F a c t o r

C a l c u l a t e d  F a c t o r  

E f f e c t

mean 5 8 . 9 9

t - 1 6 . 4 7 5

a - 3 7 . 2 7 5

t a - 3 . 2 7 5

g - 1 1 . 3 2 2

t g - 2 . 4 8 1

ag - 2 . 5 8 7

t a g 0 . 3 7 8

s - 9 . 1 9 0

t s - 4 . 8 4 4

as 5 . 1 0 6

t a s - 1 . 0 5 9

g s - 2 . 7 0 3

t g s 0 . 2 6 3

a g s 3 . 0 9 4

t a g s 1 . 4 9 7

c - 2 3 . 6 0 3

t c - 2 . 1 8 8

a c - 1 1 . 2 8 7

t a c 2 .5 4 1

g c 0 . 1 0 9

t g c 0 . 1 0 6



2 1 5

T a b l e  X X X V  ( Co n t i n u e d )

F a c t o r

C a l c u l a t e d  F a c t o r  

E f f e c t

ag e 2 . 1 2 5

t a g e 0 . 7 8 4

s c 1 . 9 7 2

t s c 1 . 8 5 0

a s c 9 . 4 3 7

t a s c 0 .2 9 1

g s c - 1 . 0 2 8

t g s c - 1 . 7 1 9

a g s c 1 . 1 5 0

t a g s c - 1 . 3 4 1

r - 9 . 6 3 1

t r - 1 . 9 4 1

a r - 3 . 8 8 4

t a r 1 .0 3 1

g r 3 . 7 4 4

t g r - 0 . 3 7 2

a g r 2 . 0 2 8

t a g r - 0 . 7 3 8

s r - 1 . 7 4 4

t s r 0 . 1 4 7

a s r 1 . 1 5 3

t a s r - 0 . 5 6 9



2 1 6

T a b l e  X X X V  ( Co n t i n u e d )

F a c t o r

C a l c u l a t e d  F a c t o r  

E f f e c t

g s r 1 . 8 9 4

t g s r - 1 . 9 2 2

a g s r 2 . 0 6 6

t a g s r - 1 . 0 6 2

c r - 6 . 3 3 1

t e r - 0 . 5 0 9

a c r - 3 . 0 4 1

t a c r 1 . 7 4 4

g c r 1 . 1 4 4

t g e r 1 . 1 3 7

a g e r 0 . 4 3 4

t a g e r 2 . 1 2 5

s e r 0 . 2 6 2

t s c r 0 . 0 9 7

a s c r 1 . 0 5 3

t a s c r - 0 . 8 1 3

g s e r 1 . 1 2 5

t g s e r - 3 . 0 0 9

a g s e r 0 . 4 0 3

t a g s e r - 1 . 4 0 6

0 1 3 . 2 8 4

t o - 0 .688



2 1 7

T a b l e  X X X V  ( Co n t i n u e d )

F a c t o r

C a l c u l a t e d  F a c t o r  

E f f e c t

ao 3 . 1 1 9

t a o - 2 . 4 7 8

go 6 . 6 7 8

t g o - 3 . 1 0 0

ag o 0 . 6 3 7

t a g o - 4 . 1 6 6

s o 1 3 .8 1 5

t s o - 2 . 5 0 6

a s o 2.10 0

t a s o - 1 . 8 8 4

g s o 2 . 4 9 7

t g s o - 0 . 3 8 1

a g s o - 2 . 3 8 1

t a g s o - 2 . 3 9 7

C O 2 .5 9 1

t c o - 4 . 5 2 5

a c o - 0 . 5 6 9

t a c o - 2 .122

g e o 1 . 9 0 9

t g c o - 1 . 3 7 5

a g e o 2 . 2 6 2

t a g e o - 0 . 5 3 4



2 1 8

T a b l e  X X X V  ( Co n t i n u e d )

F a c t o r

C a l c u l a t e d  F a c t o r  

E f f e c t

S C O - 2 . 1 8 4

t s c o - 2 . 0 3 7

a s c o - 2 . 8 4 4

t a s c o 1 . 8 0 3

g s c o 0 . 5 9 7

t g s c o 0 . 3 0 0

a g s c o - 1 . 7 3 7

t a g s c o - 1 . 4 3 4

r o - 0 . 4 7 5

t r o 0 . 0 7 2

a r o - 3 . 6 4 1

t a r o - 1 . 4 6 9

g r o - 0 . 3 3 1

t g r o 0 . 6 8 4

a g r o - 2 . 2 7 2

t a g r o - 1 . 9 3 1

s r o 0 . 0 7 5

t s r o - 3 . 0 0 3

a s r o - 0 . 5 6 6

t a s r o - 1 . 5 8 1

g s r o - 1 . 0 1 9

t g s r o - 0 . 1 0 3



2 1 9

T a b l e  X X X V  ( Co n t i n u e d )

F a c t o r

C a l c u l a t e d  F a c t o r  

E f f e c t

a g s r o - 0 . 0 9 7

t a g s r o 0 . 9 5 6

c r o - 4 . 1 2 5

t c r o 0 . 9 6 6

a e r o - 3 . 5 0 9

t a c r o 0 . 8 6 9

g c r o 0 .5 3 1

t g c r o 2 . 9 5 3

a g e r o 0 . 5 0 9

t a g e r o 0 . 6 9 4

s c r o - 0 . 6 9 4

t s c r o - 1.6 66

a s c r o - 0 . 2 0 3

t a s c r o - 1 . 7 7 5

g s c r o 4 . 3 7 5

t g s e r o 0 . 4 3 4

a g s e r o 4 . 3 1 6

t a g s e r o - 0 . 3 2 5



2 2 0

S t a t i s t i c a l  E v a l u a t i o n  o f  t h e  F i t  o f  t h e  M o d e l t o  t h e  E x p e r i m e n t a l  

S y s te m  f o r  t h e  F a c t o r i a l  D e s ig n  and  D e t e r m i n a t i o n  o f  C u r v a t u r e

U s in g  an  F t e s t ,  t h e  " g o o d n e s s  o f  f i t "  o f  t h e  m o d e l d e r i v e d  

u s i n g  t h e  c a l c u l a t e d  f a c t o r  e f f e c t s  f r o m  t h e  f a c t o r i a l  s t u d y  c a n  be 

e v a l u a t e d .  T h e  v a r i a n c e  o f  t h e  c a l c u l a t e d  v e r s u s  e x p e r i m e n t a l  

v a l u e s  o f  t h e  c u r r e n t  e f f i c i e n c i e s  i s  4 2 . 4 5 .  T h e  c a l c u l a t e d  F 

r a t i o  i s  1 . 8 0 .  Th e  F s t a t i s t i c  f o r  127 a n d  18 d e g r e e s  o f  f r e e d o m  

r e s p e c t i v e l y  a n d  a p r o b a b i l i t y  l e v e l  o f  0 . 9 5  i s  1 . 9 5 . *  S i n c e  t h e  

c a l c u l a t e d  v a l u e  i s  l e s s  t h a n  t h i s ,  t h e  m o d e l p r o v i d e s  a r e a s o n a b l e  

r e p r e s e n t a t i o n  o f  t h e  d a t a  w i t h i n  t h e  l i m i t s  o f  t h e  e x p e r i m e n t a l  

e r r o r .

I n  o r d e r  t o  t e s t  f o r  c u r v a t u r e ,  t h i r t e e n  c e n t e r  p o i n t  t e s t s  

w e r e  c o n d u c t e d .  T h e  c o n d i t i o n s  e m p lo y e d  w e r e  h a l f - w a y  b e tw e e n  t h e  

h i g h  a n d  l o w  l e v e l s  r e p o r t e d  f o r  t h e  s t a t i s t i c a l  d e s i g n .  T h e  a v e r ­

a g e  o f  t h e  c e n t e r  p o i n t s  i s  7 9 . 3 .  The  c a l c u l a t e d  mean f o r  t h e  f a c ­

t o r i a l  s t u d y  i s  5 8 . 9 9 .  T h e  d i f f e r e n c e  b e tw e e n  t h e s e  tw o  v a l u e s  i s  

2 0 . 3 .  S i n c e  t h i s  e x c e e d s  t h e  c u r v a t u r e  s t a t i s t i c  ( 4 . 1 ) ,  s i g n i f i ­

c a n t  c u r v a t u r e  e x i s t s  f o r  t h e  s y s t e m  a n d  a t  l e a s t  o n e  v a r i a b l e  h a s  

n o n - z e r o  c u r v a t u r e  a s s o c i a t e d  w i t h  i t .  T h e  m o d e l w i l l  n o t  f i t  as  

w e l l  a t  o t h e r  v a l u e s  o f  t h e  f a c t o r s  u s e d  i n  t h e  d e s i g n .

A P P E N D I X  E

* S y l v a i n  E h r e n f e l d  a n d  S e b a s t i a n  B . L i t t a u e r :  I n t r o d u c t i o n  t o  S t a ­

t i s t i c a l  M e t h o d , p .  5 2 3 ,  M c G r a w - H i l l  B o o k  C o m pa n y ,  New Y o r k ,  1 9 5 4 .
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M e th o d  o f  C o m p u t a t i o n  Used t o  

D e t e r m in e  t h e  F a c t o r  E f f e c t s  an d  C a l c u l a t e d  C u r r e n t  

E f f i c i e n c i e s  f o r  t h e  S t a t i s t i c a l l y - D e s i g n e d  E x p e r im e n t

A c o m p u t e r  p r o g r a m  b a s e d  on t h e  " T a b l e  o f  S i g n s "  C o m p u t a t i o n  

t e c h n i q u e  was u s e d  t o  d e t e r m i n e  t h e  f a c t o r  e f f e c t s  a n d  c a l c u l a t e d  

c u r r e n t  e f f i c i e n c i e s  f o r  t h e  v a r i o u s  f a c t o r s  u s e d  i n  t h i s  d e s i g n .

The  m a in  e f f e c t  o f  a f a c t o r  i s  f o u n d  b y  d e t e r m i n i n g  t h e  a v e r a g e  

o f  t h e  d i f f e r e n c e s  b e tw e e n  t h e  r e s p o n s e s  a t  t h e  h i g h  an d  lo w  l e v e l s  

o f  t h e  f a c t o r .  T h i s  a v e r a g e  v a l u e  i s  t h e  c a l c u l a t e d  f a c t o r  e f f e c t .  

T h e  i n t e r a c t i o n  e f f e c t s  a r e  d e t e r m i n e d  b y  c a l c u l a t i n g  t h e  a v e r a g e  o f  

d i f f e r e n c e s  o f  d i a g o n a l l y  o p p o s i t e  p a i r s  o f  p o i n t s .  F o r  a s i m p l e  

2- f a c t o r  d e s i g n ,  t h i s  i n t e r a c t i o n  i s  g i v e n  b y :

I n t e r a c t i o n  -  .  I V ± T M

w h e r e  Y ^ B = R e s p o n s e  V a lu e

A = F a c t o r  l e v e l  o f  f a c t o r  1 

B = F a c t o r  l e v e l  o f  f a c t o r  2 .

T h e  c a l c u l a t i o n  o f  i n t e r a c t i o n  e f f e c t s  f o r  m o re  c o m p le x  d e s i g n s  i s  

s i m i l a r ,  b u t  much m o re  i n v o l v e d .

S e v e n  f a c t o r s  a r e  c o n s i d e r e d  i n  t h e  e x p e r i m e n t a l  d e s i g n  u s e d  i n  

t h i s  s t u d y .  T h e  m a in  e f f e c t s  o f  e a c h  f a c t o r  w e r e  c a l c u l a t e d  as 

d e s c r i b e d  a b o v e .  Th e  i n t e r a c t i o n s  o f  t h e  v a r i o u s  f a c t o r s  w e r e  d e t e r ­

m in e d  b y  a d d in g  t h e  v a r i o u s  r e s p o n s e  v a l u e s  a c c o r d i n g  t o  t h e  t a b l e  o f  

s i g n s  g e n e r a t e d  f o r  t h e  p a r t i c u l a r  c o m b i n a t i o n  o f  f a c t o r s .  A
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c o m p u t e r  p r o g r a m  was u s e d  t o  g e n e r a t e  t h e  t a b l e  o f  s i g n s  a n d  t o  c a l c u ­

l a t e  t h e  f a c t o r  e f f e c t s  f o r  a l l  t h e  12 8  f a c t o r s  a n d  i n t e r a c t i o n s  t h a t  

w e r e  p o s s i b l e .

A f t e r  t h e  f a c t o r  e f f e c t s  w e r e  c o m p u te d ,  t h e y  w e r e  p l a c e d  i n  a 

s t a t i s t i c a l  m o d e l a n d  c u r r e n t  e f f i c i e n c i e s  w e r e  c a l c u l a t e d  f o r  t h e  

v a r i o u s  f a c t o r  l e v e l s  u s e d  i n  t h e  d e s i g n .  The  c a l c u l a t e d  a n d  e x p e r i ­

m e n t a l  c u r r e n t  e f f i c i e n c i e s  w e r e  c o m p a re d  a n d  t h e  v a r i a b i l i t y  b e tw e e n  

t h e  g e n e r a t e d  a n d  e x p e r i m e n t a l  v a l u e s  d e t e r m i n e d .

A c o p y  o f  t h e  p r o g r a m  u s e d  f o r  c a l c u l a t i n g  t h e  f a c t o r  e f f e c t s  an d  

a p r o g r a m  d e c k  a r e  a v a i l a b l e  a t  t h e  M e t a l l u r g y  D e p a r t m e n t  O f f i c e  and  

a t  t h e  M a t e r i a l s  R e s e a r c h  C e n t e r .  The  p r o g r a m  c o n t a i n s  i n s t r u c t i o n s  

e x p l a i n i n g  i t s  u s e .  S u b r o u t i n e  MULT o f  t h e  p r o g r a m  g e n e r a t e s  t h e  

t a b l e s  o f  s i g n s  u s e d  i n  s u b s e q u e n t  c a l c u l a t i o n s .  T h e  a c t u a l  c a l c u l a ­

t i o n  o f  t h e  f a c t o r  e f f e c t s  i s  d o n e  u s i n g  S u b r o u t i n e  BOZO. Th e  p r o g r a m  

as  w r i t t e n  c a n  h a n d le  up t o  7 f a c t o r s .  S l i g h t  m o d i f i c a t i o n  w o u ld  be 

r e q u i r e d  i f  m o re  t h a n  7 f a c t o r s  a r e  c o n s i d e r e d .

R e f e r e n c e :  S t r a t e g y  o f  E x p e r i m e n t a t i o n , E . I .  du  P o n t  de N em ours  

& C o . ,  W i l m i n g t o n ,  D e la w a r e ,  1 9 7 5 .
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D e t e r m i n a t i o n  o f  Z i n c  C o n c e n t r a t i o n  b y  EDTA T i t r a t i o n

Z i n c  c o n c e n t r a t i o n s  f o r  t h e  n e u t r a l  p u r i f i e d  s o l u t i o n s  w e r e  d e ­

t e c t e d  b y  d i r e c t  t i t r a t i o n  w i t h  EDTA, u s i n g  E r i o c h r o m e  B l a c k  T as 

t h e  i n d i c a t o r .  The  p r o c e d u r e  f o l l o w e d  i s  g i v e n  b e lo w .

P r o c e d u r e :

1 . P r e p a r e  a 0 .0 1  M s o l u t i o n  o f  EDTA f r o m  t h e  d i - s o d i u m  

s a l t .  Th e  s o l u t i o n  i s  p r e p a r e d  b y  f i r s t  d r y i n g  t h e  s a l t  

t o  re m o v e  s u r f a c e  m o i s t u r e  and  t h e n  w e i g h i n g  3 . 7 2  g o f  

t h e  s a l t  a n d  p l a c i n g  t h i s  i n  a 1 0 0 0  ml  f l a s k .  D i s t i l l e d  

w a t e r  i s  t h e n  a d d e d  t o  d i s s o l v e  t h e  EDTA. The  s o l u t i o n  

i s  t h e n  s t a n d a r d i z e d  u s i n g  a s o l u t i o n  o f  known z i n c  

c o n c e n t r a t i o n .

2 .  An E r i o c h r o m e  B l a c k  T i n d i c a t o r  s o l u t i o n  i s  p r e p a r e d  b y  

d i s s o l v i n g  2 0 0  mg o f  t h e  s o l i d  i n  15 ml  o f  T r i e t h a n o l a ­

m in e  an d  5 ml  o f  a b s o l u t e  a l c o h o l .

3 .  A pH 10 b u f f e r  i s  p r e p a r e d  b y  m i x i n g  57 0  ml  o f  a q u e o u s  

NH3 a n d  70  g o f  NH^C-f w i t h  d i s t i l l e d  w a t e r  u s i n g  a 10 00  

m v o l u m e t r i c  f l a s k .

4 .  U s in g  t h e  a b o v e  r e a g e n t s ,  a s a m p le  o f  t h e  n e u t r a l  s o l u ­

t i o n  i s  t h e n  t i t r a t e d .  A 10 ml  s a m p le  o f  t h e  n e u t r a l  

s o l u t i o n  i s  p l a c e d  i n  a 500  ml  v o l u m e t r i c  f l a s k  an d  

d i l u t e d  t o  1 / 5 0  o f  i t s  o r i g i n a l  c o n c e n t r a t i o n  u s i n g  

d i s t i l l e d  w a t e r .  A 5 ml  a l i q u o t  i s  t a k e n  f r o m  t h e  

d i l u t e d  s o l u t i o n  a n d  p l a c e d  i n  t h e  t i t r a t i n g  v e s s e l .  10 

t o  15 m f  o f  t h e  pH 10 b u f f e r  a n d  3 t o  4 d r o p s  o f  t h e
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R e f e r e n c e :

i n d i c a t o r  a r e  t h e n  a d d e d  t o  t h i s  v e s s e l .  The  s i d e s  o f  t h e  

c o n t a i n e r  a r e  w a s h e d  w i t h  d i s t i l l e d  w a t e r .  The  c o n t e n t s  

a r e  t h e n  t i t r a t e d  w i t h  t h e  s t a n d a r d i z e d  EDTA s o l u t i o n  

u n t i l  t h e  p u r p l e  c o l o r  o f  t h e  s o l u t i o n  c o m p l e t e l y  d i s a p ­

p e a r s  a n d  a d e e p  b l u e  c o l o r  i s  f o u n d .  Th e  v o lu m e  o f  t h e  

t i t r a n t  u s e d  i s  t h e n  n o t e d  an d  t h e  z i n c  c o n c e n t r a t i o n  o f  

t h e  o r i g i n a l  s o l u t i o n  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n  b e lo w .  

Th e  t i t r a t i o n  i s  t h e n  r e p e a t e d .

g /1  Zn = v o l .  t i t r a n t  x  M EDTA x  50 X 6 5 . 3 7 / 5

D o u g la s  A . S k o o g  a n d  D o n a ld  M, W e s t :  F u n d a m e n t a l s  o f  

A n a l y t i c a l  C h e m i s t r y , 2 n d  e d . , p p .  3 5 2 - 3 5 7 ,  H o l t ,  

R i n e h a r t  and  W i n s t o n ,  I n c . ,  New Y o r k ,  1 9 6 9 .
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A n a l y s i s  o f  Z i n c  O x id e  P o w d e r  U se d  t o  Pr e p a r e  

N e u t r a l  P u r i f i e d  S o l u t i o n

The  z i n c  o x i d e  p o w d e r  u s e d  t o  p r e p a r e  t h e  n e u t r a l  p u r i f i e d  z i n c  

s u l f a t e  s o l u t i o n s  was o b t a i n e d  f r o m  ASARCO, I n c . ,  P. 0 .  B ox  5 3 8 ,  

H i l l s b o r o ,  I l l i n o i s ,  6 2 0 4 9 .  Two d i f f e r e n t  l o t s  o f  c o m p a r a b le  co m p o ­

s i t i o n  w e r e  u s e d .  T h e  p h y s i c a l  a n d  c h e m ic a l  c h a r a c t e r i s t i c s  o f  t h e  

z i n c  o x i d e  p o w d e r  a r e  g i v e n  b e lo w .

L o t  No. 9 1 - 5 9 3 5

D a te  P r o d u c e d  5 - 1 4 - 6 9

% Zn 8 0 . 2 5

% ZnO 9 9 . 8 9

% Pb 0 . 0 0 1 9

% Cd 0 . 0 0 2 4

% H20 0 . 0 9 7

% + 3 2 5  m esh 0 . 0 0 0 8

S p e c i f i c  S u r f a c e  A r e a  -  m2/ g  3 . 3 3

A v e r a g e  P a r t i c l e  D ia m e t e r  -  C a l o r i ­

m e t e r ,  M i c r o n s  0 . 3 2 4

A v e r a g e  P a r t i c l e  D ia m e t e r  -  A i r

P e r m e a b i l i t y ,  M i c r o n s  0 . 3 2 3

7 1 - 5 5 4 2

3 - 6 - 7 7

8 0 . 2 5

9 9 . 8 9

0 . 0 0 1 9

0 . 0 0 1 4

0 . 0 0 8

0 . 0 0 0 8

3 . 2 3

0 . 3 3 0

0 . 3 3 3
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P o s s i b l e  Fu t u r e  R e s e a r c h

Th e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  sh ow  t h e  i m p o r t a n c e  o f  i m p u r i t y  

i n t e r a c t i o n  o n  t h e  z i n c  e l e c t r o d e p o s i t i o n  p r o c e s s .  C h a n g e s  i n  c u r ­

r e n t  e f f i c i e n c y ,  m o r p h o l o g y ,  a n d  p o l a r i z a t i o n  a r e  c a u s e d  b y  lo w  

c o n c e n t r a t i o n s  o f  i m p u r i t y .  T h e  t e c h n i q u e s  u s e d  i n  t h e  p r e s e n t  s t u d y  

s h o u l d  be  a p p l i e d  i n  t h e  f u t u r e  t o  m e a s u r e  t h e  e f f e c t s  o f  o t h e r  i m p u r ­

i t i e s  s u c h  a s  n i c k e l ,  i r o n ,  m a n g a n e s e ,  a n d  c o p p e r .  C y c l i c  v o l t a m m e t r y  

i n v e s t i g a t i o n s  o n  t h e s e  i m p u r i t i e s  may a l l o w  c l a s s i f i c a t i o n  o f  t h e i r  

e f f e c t s  a c c o r d i n g  t o  t h e i r  m e c h a n is m  o f  i n t e r a c t i o n  a t  t h e  c a t h o d e .  

C o n s t a n t  c u r r e n t  e l e c t r o l y s e s  s h o u l d  a l s o  be c o n d u c t e d  o n  e l e c t r o l y t e s  

c o n t a i n i n g  t h e  a b o v e  i m p u r i t i e s  a n d  f o r  c o m b i n a t i o n s  o f  t h e s e  i m p u r i ­

t i e s  w i t h  t h e  i m p u r i t i e s  (G e ,  A s ,  S b ,  a n d  C o) c o n s i d e r e d  i n  t h e  

p r e s e n t  i n v e s t i g a t i o n .  Th e  a d d i t i o n a l  p r o c e s s  p a r a m e t e r s  o f  e l e c t r o ­

l y s i s  t i m e  a n d  c u r r e n t  d e n s i t y  s h o u l d  be  e x a m in e d  i n  c o n j u n c t i o n  w i t h  

t h e  i m p u r i t y  b e h a v i o r .  B o th  c l a s s i c a l  a n d  s t a t i s t i c a l l y - d e s i g n e d  

e x p e r i m e n t s  s h o u l d  b e  c o n d u c t e d .

C y c l i c  v o l t a m m e t r y  t e c h n i q u e s  w h i c h  m e a s u r e  t h e  a n o d i c  t o  c a t h ­

o d i c  a r e a s  s h o u l d  be  s t u d i e d  i n  r e l a t i o n  t o  e l e c t r o l y t e  p u r i t y .  A 

f a c t o r i a l  d e s i g n  u s i n g  t h e  a / c  r a t i o  i n s t e a d  o f  t h e  c u r r e n t  e f f i c i e n c y  

may l e a d  t o  a r a p i d  m e th o d  o f  e l e c t r o l y t e  c h a r a c t e r i z a t i o n .  L o n g - t i m e  

e l e c t r o l y s e s  u s i n g  t h e  same l e v e l s  a n d  f a c t o r s  a s  t h e  a / c  r a t i o  t e s t s  

s h o u l d  a l s o  be  c o n d u c t e d  t o  s e e  i f  a c o r r e l a t i o n  b e tw e e n  t h e  tw o  t e s t ­

i n g  p r o c e d u r e s  c a n  be  f o u n d .  I f  a c o r r e l a t i o n  i s  o b t a i n e d ,  a p r a c t i c a l  

m eans  o f  e l e c t r o l y t e  c h a r a c t e r i z a t i o n  may r e s u l t .

Th e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a n d  t h a t  o f  o t h e r  i n v e s t i g a t i o n s
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( s e e  l i t e r a t u r e  r e v i e w )  i n d i c a t e  t h a t  s y n e r g i s m  am ong i m p u r i t i e s  c a n  

be  v e r y  s i g n i f i c a n t .  F u r t h e r  s t u d i e s  s h o u l d  be c o n d u c t e d  t o  s e e  i f  

t h e  m e c h a n is m s  o f  j o i n t  i m p u r i t y  i n t e r a c t i o n  c a n  be e x p l a i n e d .  Some 

o f  t h e  c o m b i n a t i o n s  o f  i m p u r i t i e s  w h ic h  w a r r a n t  f u r t h e r  s t u d y  

i n c l u d e :  C o , N i ,  F e ,  C u ,  a n d  Ge w i t h  M n ; As w i t h  C o ; N i , F e ,  Cu w i t h  

g l u e ;  a n d ,  a n t im o n y  a n d  g l u e  w i t h  C o , F e ,  N i , C u ,  a n d  Ge. The  

e f f e c t s  o f  t h e  v a r i o u s  c o m b i n a t i o n s  o f  i m p u r i t i e s  a n d  a d d i t i v e s  on  

c u r r e n t  e f f i c i e n c y ,  d e p o s i t  m o r p h o l o g y ,  a n d  p o l a r i z a t i o n  s h o u l d  be  

e x a m in e d  u s i n g  b o t h  c y c l i c  v o l t a m m e t r y  a n d  l o n g - t i m e  e l e c t r o l y s e s .
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